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Abstract 
 
WATER TRANSPORT IN POLYLACTIDE AND POLYLACTIDE 
DERIVATIVES FROM DIFFERENT PHYSICAL-CHEMICAL 
MODIFICATIONS 
 
An Du and Richard Cairncross 
Department of Chemical and Biological Engineering 
Drexel University 
 
 
Bio-based polymers have numerous potential advantages over traditional 
polymers. Polylactide (PLA) is a biodegradable and environmentally friendly 
polyester that is made from renewable sources. However, the moisture barrier 
properties in PLA are still poorly understood. That is one of the major problems 
preventing PLA from being competitive with petroleum-based polymers in food 
packaging applications. 
The objective of this research is to study water transport properties in PLA 
with the final goal to improve its moisture barrier properties. This dissertation 
reported water sorption and permeation in commercial and modified polylactide (PLA) 
with detailed mechanisms and characterization studies. Modified PLA or PLA’s 
derivatives were prepared by varying aliphatic content with different end groups, 
copolymerization, and polymer blending with composite particles. Water sorption in 
PLA was studied via the quartz crystal microbalance/heat conduction calorimetry 
(QCM/HCC) technique. Theoretical models were applied to compare with 
experimental results. Water barrier properties in PLA are improved by varying 
aliphatic content with different hydrophobic end groups and fabricating 
nanocomposites but not by graft copolymerization with rubbery backbone materials. 
This dissertation significantly contributes to a complete understanding of different 
xii 
 
factors that can affect moisture transport properties in PLA, which provides a 
guideline in designing a material with optimal barrier properties by applying a certain 
combination of factors.  
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CHAPTER 1: INTRODUCTION AND EXPERIMENTAL METHODS 
 
1.1. Introduction to Polylactide (PLA) and research motivation 
 
1.1-1 General information 
 
Currently petroleum-based polymers are widely used for food packaging 
applications. However, bio-based polymers are potential substitutions in these 
applications and have many advantages, such as leading to less emission of 
greenhouse gases. There is a need to study the transport properties within bio-based 
and biodegradable materials to improve their current status, and to be more 
compatible with petroleum-based polymers. For packaging applications, barrier 
properties affect the choice of polymers with suitable storage conditions and storage 
life. 
Amongst all bio-based polymers, polylactide (PLA) is a material of interest to 
many researchers that can be made from renewable sources such as corn or sugarcane. 
PLA is a bio-based polyester that is well-known for being biodegradable and bio-
compatible.[2, 3] The production of PLA requires less energy than petroleum-based 
polymers, and therefore emits less greenhouse gas. PLA is currently favored in 
medical and pharmaceutical applications, as well as food packaging industry. Figure 
1.1 below shows the chemical structure of PLA and Figure 1.2 shows the life-cycle of 
PLA which demonstrates that PLA is totally made from renewable sources.  
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Figure 1.1. Chemical structure of Polylactide (PLA) 
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Figure 1.2. Closed life-cycle of Polylactide (PLA)[1] 
1.1-2 Physical and chemical properties of PLA 
PLA has a glass transition temperature (Tg) in the range of 50 to 80oC and a 
melting temperature (Tm) in the range of 130 to 180oC, and therefore remains glassy 
at room temperature. Due to its glassy properties at room temperature, the general 
properties of PLA tend to suffer from a time-dependent change because of structural 
relaxation that can be greatly affected by the crystalline domains of PLA.[4] It was 
shown in literature that the glass transition temperature of well-crystallized PLA is 
higher than that in amorphous PLA.[4, 5]  
PLA can be synthesized from the ring-opening polymerization of lactides. The 
stereochemistry of PLA is therefore quite complex. Lactides are used as monomers in 
the polymerization process. There are three types of lactides with different 
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stereochemistry: D,D-lactide, L,L-lactide and D,L-lactide.[3] Figure 1.3 shows the 
chemical structure of lactides with the corresponding types of polylactide synthesized 
from the ring-opening polymerization process. 
 
Figure 1.3. Chemical structure of different types of lactides[1] 
Depending on the types of lactides used in the synthesis process, polylactide 
exists in three different forms: poly(L-lactide), poly(D-lactide), and poly (D,L-
lactide). It was generally known that the PLA containing more than 93% of L-lactide 
are semi-crystalline. On the other hand, PLA with 50-93% of L-lactide are absolutely 
amorphous.[3] The control of the L:D ratio on PLA is one of the most important 
factors in determining the materials properties of PLA due to its effect on 
crystallization.[3, 6, 7] It was shown in previous literatures that the L:D ratio affects 
the degradation time of PLA.[7] In general, the degradation mechanism of PLA is 
predicted to be related to the hydrolysis of the ester linkages in the aliphatic chain.[8] 
The water permeability is important in PLA because it predicts the equilibrium water 
content that is available for hydrolysis.[8] 
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1.1-3 Motivation to study the water transport properties in PLA 
Despite a lot of advantages such as biodegradability and renewability, one of 
the major problems that prevent PLA from being competitive with petroleum-based 
polymers is its moisture barrier properties which are poorly understood. According to 
literature, the water solubility in PLA is comparable to that in hydrophobic polymers. 
However, the water diffusivity in PLA still lies between hydrophobic and hydrophilic 
polymers.[8] Fundamental knowledge of moisture transport in PLA provides 
guidance on how to improve moisture barrier properties and widen PLA applications. 
Because of the high water permeability and solubility of water in PLA 
compared to that in petroleum-based competitors, PLA bottles showed physical 
defects when being stored at room temperature for a long time. Figure 1.4 shows the 
buckling effect of a commercial PLA water bottle that was stored in warehouse for 
several months due to water loss. Figure 1.5 shows the change in mass of the water 
bottle with time. According to our observation, the PLA bottle lost about 1 gram of 
water per week. From these results, it was obvious that the water barrier properties in 
PLA have to be improved in order for PLA to be commercialized and more 
compatible with the petroleum-based counterparts. 
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Figure 1.4. Buckling effect of commercial PLA water bottle due to water loss after storage in 
warehouse for several months[9] 
 
 
Figure 1.5. Water loss from a commercial PLA water bottle (1 gram per week)[9] 
The final goal of this research is to understand the water transport mechanisms 
of commercially available PLA, and to determine how to improve its moisture barrier 
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by chemical modification. When moisture barrier properties are improved by 
modifying commercial PLA, PLA derivatives are able to be commercialized and 
provide a lot of benefits to the environment due to its biodegradability and 
biorewability.   
1.2. Methods of studying moisture transport and improving moisture barrier 
properties in PLA 
 
Gas barrier properties in PLA have been studied by different researchers but 
were reported inconsistently. In a semi-crystalline polymers, the solubility is normally 
directly proportional to the amorphous fraction:[10] 
    S = SaXa ≈ Sa (1 - Xc)              (1.1)                          
where Xa and Sa are the volume or the mass fraction and solubility of the amorphous 
component and Xc is the crystallinity. However, some report data showed that the 
mass uptake of water into PLA is independent of crystallinity.[11-13] Cairncross et al. 
(2007) measured water uptake in PLA versus crystallinity in three different types of 
polylactide: amorphous, semicrystalline and stereocomplex PLA.[11] The measured 
differences in the mass uptake of water into amorphous PLA and semicrystalline PLA 
films were significantly less than predicted by equation (1.1). Stereocomplex PLA 
experienced a slightly lower (about 20%) vapor water sorption.[11] Siparsky et al. 
(1997) also reported that water solubility in PLA is relatively constant at intermediate 
temperatures such as 40°C, regardless of the crystallinity.[12]  
Several researchers have shown that varying crystallinity is not an effective 
way to improve the moisture barrier properties in PLA. However, previous studies 
have reported that moisture barrier properties of polymers can be improved by 
chemical or physical modifications such as varying molecular weight, 
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stereoisomerism, crystallinity, morphology, end group composition, blending, coating, 
copolymerization, adding microparticles or nanoparticles, chemical surface reaction 
and plasma treatment.[14, 15] Recently, Singh et al. (2011) showed how moisture 
sorption in PLA was related to aliphatic content via end group modification and 
molecular weight. With an increase in mass percentage of aliphatic content from 
0.6% (butyl initiated polylactide with 10,000 g/mol of molecuar weight) to 2.3% 
(palmityl initiated polylactide with 10,000 g/mol of molecuar weight), the moisture 
sorption decreases up to 14 wt%.[16] Several attempts have been made to modify 
commercially-available PLA by making PLA composites filled with 
nanoparticles.[17-23] To date, the best improvement in moisture barrier properties of 
PLA is 60% which was achieved by Zenkiewizc et al. (2008) using montmorillonite 
nano-particles.[23]  
According to the study in this dissertation, water barrier properties in PLA and 
PLA derivatives are correlated to a combination of factors, such as molecular weight, 
stereochemistry, crystallinity, end group composition, phase segregation of end 
groups, graft copolymerization, fabricating nanocomposites and heat treatment and 
processing conditions. Table 1.1 displays factors affecting water barrier properties in 
PLA that were studied in literature as well as in this dissertation. 
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Crystallinity Phase separation Heat Treatment Processing Surface Modification
Siparsky, Yoon Koo Koo Cairncross N/A
Koo, This Dissertation This Dissertation This Dissertation  
Singh, Koo Koo This Dissertation N/A N/A
This Dissertation This Dissertation  
Singh, Koo Koo Koo N/A N/A
This Dissertation
Siparsky, Yoon Koo Koo N/A N/A
Koo This Dissertation
Graft copolymer This Dissertation N/A This Dissertation N/A N/A
Blends Meisner N/A Meisner N/A N/A
This Dissertation N/A This Dissertation This Dissertation Koo
This Dissertation
Composites 
Standard PLA
Molecular Variation 
Nanocomposites 
Morphological Variations
Molecular Weight 
End groups 
Stereochemistry 
 
Table 1.1. Factors affecting water barrier properties in PLA by morphological and molecular variations 
Specifically, water sorption was investigated in commercial amorphous and 
semi-crystalline PLAs with a high molecular weight (~100,000 g/mol). Low 
molecular weight (~10,000 g/mol) amorphous and semi-crystalline standard PLAs 
was also explored. By varying heat treatment conditions, the crystallinity and 
morphologies of PLA samples were changed, which affects water sorption. It was 
found that heat treatment showed a strong effect on the water sorption in low 
molecular weight PLAs. Detailed results on how water sorption was affected by 
molecular weight and heat treatment conditions in standard amorphous and semi-
crystalline PLA are reported in Chapter 2 of this dissertation.  
End group composition also plays an important role in determining the water 
sorption level in PLAs. With two hydrophilic end groups, standard PLA has a 
relatively high water sorption. In order to improve the moisture barrier properties, 
end-capped PLAs from both L-lactide (PLLA) and D,L-lactide (PDLLA) with 
various end groups were synthesized by being initiated with palmityl alcohol and 
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terminated with various end groups such as hydroxyl, acetoxy and palmitoyl group to 
induce different morphologies. Water sorption in end-capped PLAs was investigated 
and reported in Chapter 3 in terms of microstructure which was derived from the 
stereoisomerism and end group composition.  
Graft copolymerization is also one of the methods to modify the structure of 
standard PLA. Poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol-graft-lactide) 
[PCNL] was synthesized by the Hillmyer group at University of Minnesota.[24] The 
graft copolymer contains 95 wt% DL-lactide. The actual Mn for each PLA graft is 55 
kg/mol. For the purposes of comparison, a poly(DL-lactide) sample initiated from 
benzyl alcohol, (Mn = 42 kg/mol) was also synthesized. It was expected that 
synthesizing graft copolymers with the addition of the hydrophobic backbone would 
improve the water barrier properties in PLA. However, the results reported in Chapter 
4 showed that standard PLA and PCNL had the same amount of water sorption. 
Interestingly, water clusters at medium and high activities were detected in both 
polymer samples. 
Besides modifying PLA by varying molecular weight, stereochemistry, end 
group composition, and graft copolymerization, fabrication of nanocomposites is also 
an efficient method. Chapters 5 and 6 therefore, review up-to-date results of water 
barrier properties in nanocomposites of PLA and nanoclays with a focus on sorption 
and permeation properties. Theoretical models were also used to compare with 
experimental results. It was found that water sorption and permeation in PLA 
composites depend on processing conditions, heat treatment and surface modification 
of nanoclays. Chapter 7 reported improved properties of composites of PLA and 
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modified montmorillonite after surface treatment with oleic acid coating. Percolation 
theory was applied to find out the critical concentration of modified montmorillonite 
for the best water barrier properties. 
1.3. Overview of the experimental technique in studying water sorption: Quartz 
Crystal Microbalance/Heat Conduction Calorimeter 
 
1.3-1 General feature and the quartz crystal microbalance (QCM) 
The quartz crystal microbalance/heat conduction calorimeter (QCM/HCC) is a 
gravimetric/calorimetric instrument studying the thermodynamic and rheological 
response of thin films (0.5-10 μm) to changes in water vapor activity.[25] QCM/HCC 
is able to measure simultaneously mass change upon sorption/desorption (±10 ng), 
corresponding thermal effects (±100 nW), and motional resistance changes in the 
polymer film (±0.5 Ω).  
  A quartz crystal microbalance is a flat quartz disk with electrodes on both 
surfaces, which oscillates in a transverse acoustic mode when exposed to an RF 
electric field; the power dissipated by the oscillation depends strongly on frequency 
and measurements are taken at the resonant frequency.[25] The resonant frequency of 
a quartz transverse shear modulus (TSM) resonator, f0 can be described as:[26] 
                                                         1/ 20 / / 2q q qf h                                           (1.2)                             
where μq and ρq are the shear modulus and density of quartz.  
In this research, a Quartz Crystal Microbalance/Heat Conduction Calorimeter 
(QCM/HCC), the Masscal G1TM manufactured by Masscal Scientific Instruments 
(Figure 1.6) was used to measure water sorption into films exposed to water activities 
in the range between 0 and 0.8 generated by varying the flow ratio of dry and wet 
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nitrogen gas streams. The temperature of the sample chamber was maintained at a 
constant temperature during a sorption experiment.  
              
           (a)                (b) 
Figure 1.6. The QCM/HCC instrument: (a) Sample chamber; (b) General feature 
The thickness (hf) of PLA on crystal was calculated by Sauerbrey’s equation:  
    f
f
fh
C
                (1.3) 
where ρf , Δm/A and Δf are the film density, the mass change per unit area and the 
shift in frequency due to mass deposition on crystal, respectively. For a 5 MHz crystal, 
C is approximately 56.6 Hz/(µg/cm2) and the exposed area (A) of the coated crystal is 
1.979 cm2.[25] The frequency and water activity was determined at each equilibrium 
state. The mass ratio of water and polymer film at each activity level was calculated 
by the following equation: 
     g water/g PLA = w d
d b
f f
f f

                                      (1.4) 
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where fd, fw and fb are the frequency of dry film, wet film under various water 
activities and bare crystal, respectively.  
1.3-2 Heat conduction calorimeter (HCC) 
In the QCM/HCC, thermopiles are used as heat sensors to detect thermal 
gradients on vapor sorption. A thermopile is a heat-sensing unit made from the 
combination of semiconductor thermopile plates (Peltier plates).[25] The thermopiles 
are situated between the QCM and a heat sink, which makes heat generated by vapor 
sorption travel through the thermopiles before reaching the heat sink. Thermopile 
produces a potential U, which is proportional to the thermal power: P = εU where ε is 
the thermopile’s calibration constant. Figure 1.7 below demonstrates the set up of the 
QCM-HCC with the position of the heat sink thermopiles.  
 
Figure 1.7. Set-up of a QCM/HCC with thermopiles and heat sink 
The rate of heat sorbed or released can be written as: dQ = εUdt , which leads 
to a relationship between heat flow, dQ/dt and thermopile potential, U: 
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P = dQ/dt = εU                                              (1.5) 
For non-steady state process, Tian’s equation can be used: P = ε(U + τ(dU/dt)), where 
τ is the time constant of the calorimeter. 
Before each sorption or desorption experiment with the QCM/HCC device, 
the thermopile has to be calibrated. The calibration of the heat flow sensors is done by 
placing a resistor in the thermal path of the thermopile. For instance, in a heat 
conduction solution calorimeter, it would be immersed in the liquid inside the 
calorimeter vessel. The electrical equivalent circuit of the QCM has a resistance 
associated with it. Therefore, the QCM can be used as a resistor to calibrate the 
thermopile. The sensitivity of the calorimeter (S) can be obtained by electrically 
generating a known average thermal power (P) in the QCM crystal itself while 
measuring the average change in the thermopile voltage (U), where S = U/P. The 
thermal power Pcrys generated by the QCM when driven with the oscillator is:  
                         2/ 32 62.5crys m mP R R                                      (1.6)                              
Figure 2 shows a change in the thermopile signal during calibration, which can be 
used to calculate the sensitivity of the calorimeter. There is a difference between long 
time and short time change in the thermopile signal, which causes the difficulty in 
getting accurate results. 
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Figure 1.8. The change of thermal power during calibration process 
 
Overall, the QCM/HCC is a powerful tool in studying water sorption in PLA 
system. All sorption isotherms presented in this dissertation were measured by the 
QCM. Additional studies of water clustering in PLA by using the HCC were also 
presented in Chapter 4. 
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CHAPTER 2: WATER TRANSPORT IN STANDARD POLYLACTIDE: THE 
EFFECT OF MOLECULAR WEIGHT, STEREOCHEMISTRY AND HEAT 
TREATMENT 
2.1. Introduction 
As mentioned in Chapter 1, in a semicrystalline polymer, the solubility is 
typically directly proportional to the amorphous fraction:[10] 
S ≈ Saφa = Sa (1 - φc)                                      (2.1)                         
For example, crystallinity affects water transport according to equation (2.1) for 
poly[(R)-3-hydroxybutyrate] (PHB) and poly (ethylene glycol) (PEG) with lower 
solubility and lower diffusion coefficients at higher percentage of crystallinity.[27] 
However, some other studies suggested that the mass uptake of water into PLA is 
independent of crystallinity.[11, 12] 
Cairncross et al. (2007) reported moisture uptake in PLA with varying 
crystallinity. Three different polylactide samples were examined: amorphous, 
semicrystalline and stereocomplex PLA.[11] The results showed that there was 
negligible difference in the mass uptake of water into amorphous PLA and 
semicrystalline PLA films at different crystallinity. The sorption isotherms were 
nearly linear, except for slight curvature at small relative humidity values. 
Stereocomplex PLA experienced a slightly lower water vapor sorption even though 
both samples were amorphous.[11] Siparsky et al. (1997) reported that water 
solubility in PLA was relatively constant regardless of the crystallinity.[12] Yoon et 
al. (2000) also found that the water diffusivity and solubility were nearly independent 
of the crystallinity of PLA at temperatures ranging from 36.5ºC to 60ºC.[13] These 
results contradict the classical point of view about the dependence of gas solubility in 
polymers on crystallinity. 
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Several researchers have shown that varying crystallinity is not an effective 
way to improve the moisture barrier properties in PLA. However, previous studies 
have reported that moisture barrier properties of polymers can be improved by 
chemical or physical modifications such as varying molecular weight, 
stereoisomerism, crystallinity, morphology, end group composition, blending, coating, 
copolymerization, adding microparticles or nanoparticles, chemical surface reaction 
and plasma treatment.[14, 28] Lee et al. reported the synthesis and characterization of 
fluorocarbon end–capped PLLA and PDLLA.[29] Angular dependent electron 
spectroscopy for chemical analysis (ESCA) revealed that longer end groups showed 
end group dominant domains on the sample surface, which was helpful to retard 
initial degradation.   
In this chapter, standard PLAs from both L-lactide and D,L-lactide were 
synthesized by Donghun Koo, Drexel University. Standard PLA is also called 
nonend-capped PLA because the end groups are a hydrophilic hydroxyl group (-OH) 
and a carboxylic acid group. The effect of heat treatment on water sorption in 
standard PLA is discussed. All PLA films were prepared with various heat treatment 
conditions. Characterization experiments were performed on the same thin film 
sample. Water sorption isotherms of all PLA samples were measured by the 
QCM/HCC technique. Wide-angle X-ray diffraction (WAXD) was used to investigate 
the crystallinity of all PLA samples. Atomic force microscopy (AFM) was employed 
to study the morphological change of thin film coated on quartz crystal.  
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2.2. Experimental 
2.2-1 Materials   
4032 PLA and 4060 PLA commercially manufactured by NatureWorks were 
used as-received. The commercial PLA polymers have molecular weights of about 
100,000 g/mol and have hydroxyl group (-OH) on both ends. These samples are 
called standard PLAs such as standard poly (L-lactide) 100k (PLLA100k or 4032 
PLA) and standard poly (D,L-lactide) 100k (PDLLA100k or 4060 PLA). 
To synthesize standard PLLA10k and standard PDLLA10k, L-lactide and 
D,L-lactide were purchased from Sigma Aldrich and recrystallized with anhydrous 
ethyl acetate. Recrystallized lactides were dried at 60 ºC under vacuum oven for 48 
hours and were stored in a glove box. Toluene (anhydrous, Aldrich), 
triethylaluminum in toluene (1.9M, Aldrich), Tin(II)  2-ethylhexanoate (stannous 
octoate, 95%, Aldrich), acetic anhydride (Aldrich) and palmityl alcohol (Aldrich) 
were used without further purification and were stored in a glove box. For 
purification of PLA, chloroform (reagent grade) and methanol (reagent grade) were 
used as a good solvent and a non-solvent, respectively. 
2.2-2 Synthesis of standard polylactides  
Standard PLA is PLA without hydrophobic end groups. In other words, it has 
a hydroxyl group on one end and a carboxylic acid group on the other end. For 
example, PDLLA100k is standard poly(D,L-lactide) with a molecular weight of 
~100,000 g/mol and hydrophilic groups on both ends.  
Standard PLAs were synthesized through ring-opening polymerization. 
Reaction vessels were prepared in a glove box. L-lactide and D,L-lactide 
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polymerization were conducted in toluene with water (initiator),  Tin(II)2-
ethylhexanoate (stannous octoate, catalyst) at 100°C for 6 hours. The mole ratio of 
catalyst and initiator was 1:1 for this polymerization system. The polymer obtained 
was precipitated in cold methanol and was dried at 60°C for 24 hours in a vacuum 
oven.  
2.2-3 Sorption Isotherms 
5 wt% solutions of PDLLA100k and PLLA100k were prepared in chloroform. 
Coatings were prepared by spin coating on quartz crystal using a G3P-12 Spincoat 
manufactured by Specialty Coating System, Inc. The solution was dropped on a 
quartz crystal which was immediately rotated on a Delrin spin chuck at 1500 rpm for 
30 seconds. To find out the effect of heat treatment on water sorption, the crystal was 
placed in a conventional oven at a designated temperature for a designated time. After 
that, the sample was cooled in air. 
A Quartz Crystal Microbalance/Heat Conduction calorimeter (QCM/HCC), 
the Masscal G1TM manufactured by Masscal Scientific Instruments (W. Chatham, 
MA), was used to investigate water vapor sorption in thin films of PLA coated on a 
quartz crystal by the procedures described in Chapter 1, Section 1.3-1. Many 
researchers have published their work on the validation of Sauerbrey’s equation.[30-
33] A detailed explanation of the accuracy in applying Sauerbrey’s equation for the 
conditions in this paper is reported in Appendix 2.   
The frequency and water activity was determined at each equilibrium state. 
The thickness of PLA films in all experiments was about 5 microns. Details on water 
activity and frequency data obtained from the QCM/HCC are provided in Appendix 1. 
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2.2-4 Crystallinity 
Wide–angle X-ray diffractograms (WAXD) of standard semicrystalline PLAs 
were obtained by the Siemens D500 powder diffractometer using 1500 W Cu anode 
with a Ni filter to produce a Cukα monochromatic wavelength of 1.54 Å (40 kV and 
30 mA) in the 2θ range of 5° to 60º at a scanning speed of 0.61º/min. Calibration 
scans were performed during a sample scan.  To calculate the degree of crystallinity 
for all PLA samples, the ratio between the integral of the crystalline intensities 
divided by the integration of the entire coherent scattering was obtained by peak 
fitting of the crystalline intensities. Peak fitting was carried out by using the 
Grams/32 AI (6.00) software manufactured by Galactic Industries Corporation to 
assign Gaussian function to all amorphous peaks and Lorentzian function to all 
crystalline peaks. Background line was set to be linear for all calculations. 
2.2-5 Morphological change (phase separation)  
Atomic force microscopy (AFM) was employed to investigate the 
morphological change of thin film coated on a quartz crystal. Tapping-mode 
experiments were performed at room temperature using the BioScopeTM 
manufactured by Veeco Metrology group, Inc. (version 5.12 software). A silicon tip 
(NanoDevices, MPP-111000) was used to obtain phase images. The non-coated 
cantilever has a resonance of 300 kHz and a spring constant of 40 N/m. High quality 
phase images were acquired with a proportional gain of 1.2, an integral gain of 0.6 
and a scan rate of 1.99 Hz. Phase images of PLA samples were obtained 
simultaneously with the size of 500 nm × 500 nm and 1 μm × 1 μm. To minimize 
experimental errors, the same PLA sample coated on a quartz crystal was used to 
obtain sorption isotherm, X-ray diffractogram and AFM phase image. 
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2.3. Results and Discussions 
2.3-1 Water sorption in amorphous standard PLA 
Figure 2.1 shows sorption isotherms of PDLLA10k and PDLLA100k at 
different heat treatment conditions: 160°C for 5 minutes, 120°C for 5 minutes and 
70°C for 12 hours. All sorption isotherm measurements were performed at 35°C by 
the QCM/HCC technique. The y-axis represents water sorption (g water/g PLA) in 
the polymer matrix while the x-axis represents water activity level. Sorption 
isotherms of PDLLA at the same molecular weight did not show a significant change 
with heat treatment conditions. PDLLA is a noncrystallizable material synthesized 
from D,L-lactide. The morphology of PDLLA therefore does not change with heat 
treatment, and the water sorption level is not affected by heat treatment. 
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Figure 2.1. The effect of heat treatment on sorption isotherms of amorphous standard PDLLA10k 
(closed symbols) and PDLLA100k (open symbols). The heat treatment conditions were 70oC for 12 
hours (■,□), 120oC for 5 minutes (●,○) and 160oC for 5minutes (▲,Δ), respectively. 
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 However, water sorption in PDLLA is affected by molecular weight. 
Regardless of heat treatment condition, PDLLA10k absorbed more water than 
PDLLA100k. At 0.8 water activity, the water sorption in PDLLA10k is about 0.0082 
(g water/g PLA) while that in PDLLA100k is about 0.007 (g water/g PLA). Because 
the molecular weight of PDLLA100k is ten times higher than that of PDLLA10k, the 
hydroxyl end content (0.034 wt%) in PDLLA100k is ten times lower than that (0.34 
wt%) in PDLLA10k. The higher sorption in low molecular weight PLA correlates 
with higher content of hydrophilic hydroxyl groups although other factors such as 
free volume could be important as well. 
2.3-2 Water sorption in semi-crystalline standard PLA 
Standard PLLA10k and PLLA100k samples were prepared at three different 
heat treatment conditions before water sorption experiments. Figure 2.2 shows 
sorption isotherms of PLLA10k and PLLA100k at 35°C measured by the QCM/HCC 
technique. The water sorption of PLLA100k was somewhat insensitive to heat 
treatment. Specifically, the highest point on the sorption isotherm of PLLA100k 
indicates a water sorption of 0.0062, 0.0066 and 0.0067 (g water/g PLA) for samples 
heat-treated at 70ºC for 12 hours, 120ºC for 5 minutes and 170ºC for 5 minutes, 
respectively. However, the PLLA10k samples showed a different trend compared to 
PLLA100k. Heat treatment had a strong effect on water sorption. The amount of 
water sorption in PLLA10k was found to be the highest when PLLA10k was 
annealed at 170°C, followed by 120°C and 70°C. Surprisingly, water sorption in these 
PLLA10k samples increases with increasing both heat treatment temperature and 
crystallinity. 
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Figure 2.2. The effect of heat treatment on sorption isotherms of standard semi-crystalline PLLA10k 
(closed symbols) and PLLA100k (opened symbols). The heat treatment conditions were 70oC for 12 
hours (■,□), 120oC for 5 minutes (●,○) and 170oC for 5 minutes (▲,Δ), respectively.   
 
Crystallinity of all samples was measured by WAXD as displayed in Figure 
2.3 and Table 2.1. Typically, crystallinity was 33%, 40% and 70% for PLLA10k 
samples heat-treated at 70°C, 120°C and 170°C, respectively, while crystallinity was 
15%, 50% and 15% for PLLA100k samples heat-treated at 70°C, 120°C and 170°C, 
respectively. WAXD spectra of standard PLLA10k exhibited an α-form (pseudo-
orthorhombic) of PLLA crystalline lattice, and most of end groups are located in the 
amorphous region. Main PLLA peaks at 16.7° and 19.1° were confirmed in samples 
heat-treated at three heat treatment conditions.[18, 22, 34-36] Peak intensities in 
PLLA10k samples increased with higher treatment temperature, indicating an 
increase in crystallinity.  
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Figure 2.3. Wide-angle X-ray diffraction patterns of standard PLLA10k with different heat treatments; 
(a) 170oC for 5 minutes producing 70 % crystallinity, (b) 120oC for 5 minutes producing 40 % 
crystallinity, and (c) 70oC for 12 hours producing 33% crystallinity. 1 
 
At 0.8 water activity, PLLA10k samples heat-treated at 70°C for 12 hours 
with a crystallinity of 33% absorbed 0.0046 (g water/g PLA), while samples heat-
treated at 170°C for 5 minutes with a crystallinity of 70% absorbed 0.0076 (g water/g 
PLA). These results from PLLA10k contradict Equation 2.1 because solubility is not 
a linearly increasing function of the volume fraction of the amorphous domain; rather 
the solubility increases as the volume fraction of the amorphous domain decreases. 
Several previous research results also showed the increase of gas solubility in PLA 
                                                 
1 In case of the sample heat-treated at 70°C for 12 hours, two peaks at 26° and 27° were detected but 
were not identified. The authors are not aware of any literature reporting WAXD peaks at 26° and 27° 
in PLLA. Based on AFM phase image (Figure 4(c)), there are not well-developed crystalline regions in 
this sample. Therefore, it was assumed that those unidentified peaks were not associated with the 
crystallinity of the PLA sample. 
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with crystallinity. Oliveira et al. reported that solubility of oxygen and carbon dioxide 
in a crystalline PLA sample was higher than that in an amorphous sample.[3] 
Drieskens et al. conducted a study of oxygen transport in PLA and found that 
solubility of oxygen in PLA increased with crystallinity to ten times the solubility of 
the amorphous sample.[37]  
Polymer 
sample type 
Heat 
treatment 
condition 
Crystallinity 
from 
WAXD 
Amorphous 
PLA (wt%) 
from 
WAXD 
Hydroph-
ilic end 
group 
(wt%) 
 Hydroph-
ilic end 
(wt%) in the 
amorphous 
domain 
Sorption        
(g (water) /     
g (PLA))       
at 35oC,        
0.8 water 
activity(×10-3)
PDLLA10k 120oC 0 % 100 % 0.34 % 0.34 % 8.04 
PLLA10k 
70oC 33 % 67 % 0.34 % 0.51 % 4.65 
120oC 40 % 60 % 0.34 % 0.57 % 5.60 
170oC 70 % 30 % 0.34 % 1.13 % 7.61 
Table 2.1. The percentage of amorphous PLA and hydrophilic end group in amorphous PLA based on 
heat treatment conditions. Molecular weight is 10,000 g/mol. 
Atomic force microscopy (AFM) was employed to determine the effect of 
heat treatment conditions on water sorption based on the change in morphology. 
Figure 2.4 shows phase images of tapping-mode AFM which provides a diagram of 
stiffness differences at the surface of a PLA sample. A more rigid region reflects a 
more positive phase shift and consequently emerges brighter in a phase image. In 
Figure 2.4, a bright region is considered as a crystalline region and a dark region 
means an amorphous region. At high heat treatment temperature (170°C), PLLA10k 
has a high crystallinity (70% by WAXD) with well-established lamellar structure 
while at low heat treatment temperature (70°C), PLLA10k has a low crystallinity 
(33% by WAXD) with broad and random crystalline structure. At an intermediate 
heat treatment temperature such as 120°C, both types of crystalline structure were 
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found even though broad crystalline structure seemed to be the dominant type. The 
cartoons in Figure 2.4 show a conceptual model of the crystalline structure of 
PLLA10k developed under different heat treatment conditions with possible location 
of the hydrophilic end-groups. It is therefore suggested that a broad crystalline 
structure (low crystallinity) has lower concentration of the hydrophilic end groups in 
the amorphous region of PLA than a lamellar crystalline structure (high crystallinity) 
has. 
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                       (a) 170oC for 5 minutes  
 
 
 
 
 
 
 
(b) 120oC for 5 minutes  
 
 
 
 
 
 
 
(c) 70oC for 12 hours 
Figure 2.4. AFM phase images and cartoons of standard low molecular PLLA10k after being subjected 
to different heat treatment conditions; (a) 170oC for 5 minutes, (b) 120oC for 5 minutes, and (c) 70oC 
for 12 hours. In the cartoon, the block dots (•) indicate hydroxyl end groups. All scales are 1 µm. 
The anomalous sorption behavior of semi-crystalline PLA – that the water 
sorption increases as the crystallinity increases – is unusual and has not been 
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explained in the literature.  The results in this paper provide more evidence of the 
anomalous behavior although a complete and clear explanation of the mechanisms 
responsible is still uncertain. In this paragraph we discuss several hypotheses and 
issues relating to the anomalous behavior.  Equation (2.1) is based on the assumption 
that water does not absorb into the crystalline regions of PLA; assuming that equation 
(2.1) is valid, the sorption results in this paper indicate that the solubility of water in 
the amorphous phase increases significantly as the crystallinity increases. The 
increase in water solubility in the amorphous phase is correlated to, and could be 
caused by, an increase in the concentration of hydrophilic end groups in the 
amorphous phase. Assuming that the end groups are excluded from the crystalline 
regions, the concentration of hydrophilic end groups in the amorphous phase 
increases with crystallinity as listed in Table 2.1. Table 2.1 also lists the sorption for 
purely amorphous PDLLA10k at 8.04x10-3 g (water)/g (PLA) at 0.8 water activity. 
The sorption for semi-crystalline PLLA10K at 33% crystallinity is 4.65x10-3 g 
(water)/g (PLA) at 0.8 water acitvity, which is about 58% of the sorption in purely 
amorphous PLA. It is possible that this difference in sorption could be caused by the 
crystallinity of the semi-crystalline PLA and nearly constant solubility of water into 
the amorphous phase; then at higher crystallinities the rise in concentration of 
hydrophilic end groups in the amorphous phase causes an increase in the amorphous 
phase solubility that produces the observed increases in sorption.  
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2.4. Conclusions 
The effect of heat treatment on water sorption in standard PLA was 
investigated. Water sorption in standard PDLLA is independent of heat treatment 
because PDLLA remains amorphous regardless of heat treatment. However, sorption 
in amorphous PDLLA is affected by molecular weight. The sorption isotherms of 
standard PDLLA10k and PDLLA100k show that PDLLA10k absorbs 13% more 
water than PDLLA100k, due to higher concentration of hydroxyl and carboxylic acid 
end groups in low molecular weight PLA. For standard semi-crystalline PLLA, the 
water sorption depends on a competition between the fraction of the amorphous 
domain and concentration of hydroxyl end groups in the amorphous domain. High 
molecular weight standard PLLA100k has almost the same sorption isotherm 
regardless of the heat treatment conditions because the reduction of the fraction of the 
amorphous domain is compensated by the increase of the concentration of hydroxyl 
end groups in the amorphous domain. In low molecular weight PLLA10k sample, the 
weight content of the hydroxyl end groups in the amorphous domain is significantly 
affected by heat treatment as shown in Table 2.1. This change in hydrophilic end 
group composition correlates with increases in sorption for PLLA10k. 
In general, water sorption in standard polylactide is complicated by 
anomalous dependence on various factors: morphology (crystallinity and microphase 
separation), stereochemistry and molecular weight. This chapter explored how 
molecular structure and heat treatment lead to morphological changes that affect 
sorption. The results in this chapter could be used to guide how polylactide can be 
designed to manage its moisture level. 
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CHAPTER 3: WATER TRANSPORT IN END-CAPPED POLYLACTIDE: 
THE EFFECT OF MORPHOLOGY, STEREOCHEMISTRY, HEAT 
TREATMENT AND END GROUP COMPOSITION 
3.1. Introduction 
Moisture barrier properties of polymers can be improved by chemical or 
physical modifications such as molecular weight, stereoisomerism, crystallinity, 
morphology, end group composition, blending, coating, copolymerization, chemical 
surface reaction and plasma treatment.[15, 38, 39] Cairncross et al. (2007) reported 
water sorption isotherms of commercial and modified PLAs. Commercial PLA 
samples from Nature Works LLC had a molecular weight of ~ 100,000 g/mol and 
showed similar sorption isotherms regardless of whether the morphology was 
amorphous, semi-crystalline or stereo-complexed.[40] They also reported water 
sorption isotherms for modified PLAs with varying end groups, such as synthesized 
poly (L-lactides) having a molecular weight of ~ 100,000 g/mol terminated by one 
hydrophobic and one hydrophilic group (benzyl and hydroxyl) and two hydrophobic 
groups (benzyl and acetoxy). All modified PLAs showed no considerable effect of 
end group and molecular weight on water sorption.[41] Recently, Singh et al. (2011) 
showed how moisture sorption in PLA was related to aliphatic content via end group 
modification and molecular weight.[16] Moisture sorption measurements on the 
modified PLA samples showed that the aliphatic weight content of end groups in 
PLAs contributed significantly to sorption properties. With an increase in mass 
percentage of aliphatic content from 0.6% (butyl initiated polylactide with 10,000 
g/mol of molecuar weight) to 2.3% (palmityl initiated polylactide with 10,000 g/mol 
of molecuar weight), the moisture sorption decreases up to 14 wt%. When the 
terminating end group is hydrophobic (an acetoxy group) (palmityl initiated 
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polylactide terminated by acetoxy), the water sorption decreases up to 56 wt%. 
Futhermore, palmityl initiated and acetoxy terminated end-capped PLAs with 10k, 
30k and 90k of molecular weight showed that water sorption increases monotonically 
with increasing molecular weight (decreasing aliphatic content).[16] From the 
literature review, there is no solid relationship between end group composition and 
water sorption.  
Morphology indicated by phase separation can also affect polymer properties. 
Kobori et al. synthesized end–capped poly (L-lactide) (PLLA) terminated by dodecyl 
or 2-(2-(2-methoxyethoxy)ethoxy)ethyl (MEEE) and measured the wettability by a 
contact angle analyzer, suggesting that end groups of  PLLA segregated to the film 
surface during crystallization.[42] Lee et al. reported the synthesis and 
characterization of fluorocarbon end–capped PLLA and poly (D,L-lactide) (PDLLA). 
Angular dependent electron spectroscopy for chemical analysis (ESCA) revealed that 
longer end groups showed end group dominant domains on the surface, which was 
helpful to retard initial degradation.[43] 
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Figure 3.1 Molecular structures of synthesized polymers; (a) standard polylactide, and (b-d) end-
capped PLAs initiated with palmityl alcohol (P): (b) P-PLA-OH terminated by hydroxyl, (c) P-PLA-A 
terminated by acetoxy and (d) P-PLA-P terminated by palmitoyl group. 
Figure 3.1 illustrates chemical structures of standard and end-capped PLAs. 
Figure 3.1(a) is a standard polylactide terminated with one hydroxyl and one 
carboxylic end-group. Figure 3.1(b) shows one end-capped PLA initiated with a 
hydrophobic palmityl group which is derived from palmitic acid, a saturated fatty 
acid from plants. The terminating end group of Figure 3.1(b) is still a hydrophilic 
hydroxyl group. In Figure 3.1(c) and (d), the terminating end group in PLA is also 
modified with acetoxy and palmitoyl groups, respectively. 
32 
 
End-capped PLAs from both L-lactide and D,L-lactide with various end 
groups were synthesized. All end-capped PLA samples were initiated with palmityl 
alcohol and terminated with various end groups such as hydroxyl, acetoxy and 
palmitoyl group to induce different morphologies. Non-crystallizable poly (D,L-
lactide) (PDLLA) was selected to explore the effect of crystallinity on water sorption 
compared with crystallizable poly (L-lactide) (PLLA). Water sorption was 
investigated in terms of microstructure which was derived from the combination of 
factors; molecular weight, stereoisomerism, and end group composition. All the 
synthesis work in this chapter was done by Donghun Koo, Drexel University.    
3.2. Experimental 
Samples were labeled according to the initiating and terminating end group 
(palmityl [P], hydroxyl [OH], acetoxy [A], and palmitoyl [P]) and the approximate 
molecular weight in thousands (e.g., 10k for ~ 10,000 molecular weight). For 
example, a 10,000 g/mol molecular weight PLLA sample initiated with palmityl 
group and terminated with acetoxy group is symbolized as P-PLLA10k-A. P-
PDLLA10k-P indicates a 10,000 g/mol molecular weight PDLLA sample initiated 
with palmityl group and terminated with palmitoyl group. 
3.2-1 Materials 
L-lactide and D,L-lactide were obtained from Aldrich and recrystallized with 
anhydrous ethyl acetate. Recrystallized lactides were dried at 60 ºC under vacuum 
oven for 24 hours and were stored in a glove box. Palmityl alcohol (cetyl alcohol, 
Fluka), toluene (anhydrous, Aldrich), triethylaluminum in toluene (1.9M, Aldrich), 
Tin(II) 2-ethylhexanoate (95%, Aldrich), acetic anhydride (Aldrich) and palmitoyl 
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chloride (Aldrich) were used without further purification and were stored in a glove 
box.  For purification of polymer samples, reagent grade chloroform and methanol 
(Aldrich) were used as good solvent and non-solvent, respectively. Amorphous 4060 
PLA commercially produced by NatureWorks was used as-received. Toluene and 
ethyl acetate were used several times via distillation. Triethylalumium, toluene, and 
Tin(II)-ethyl hexanoate  were necessary to control effectively molecular weight, 
polydispersity index, and end group composition in PLA.   
3.2-2 Synthesis of end-capped poly(L-lactide) (PLLA) and poly(D,L-lactide) 
(PDLLA) 
 
Various end–capped PLAs such as PLLA and PDLLA were synthesized by 
the ring-opening living polymerization of L-lactide and D,L-lactide in the presence of 
triethylaluminum as shown in Scheme 3.1. Palmityl alcohol was used as an initiator 
in all experiments so that the initiating end group on all end-capped PLAs is a 
palmityl group (-O(CH2)15CH3). The preparation of reactants for polymerization was 
conducted in a glove box HE–493 (Vacuum/Atmosphere DRI-LAB) where moisture 
level was controlled below 40 ppm. Polymerization was carried out at 70 ºC for 40 
hours.[44]  
Termination of polymerization 
Cold methanol was used to terminate the living polymerization or a reagent 
was injected to control the terminating end group, which is indicated in Scheme 3.1. 
When P-PLA-Al(Et)2 was precipitated in methanol, the product polymer was P-PLA-
OH terminated with hydroxyl group (-OH). To obtain P-PLA-A or P-PLA-P as 
shown in Scheme 3.1, instead of the precipitation, acetic anhydride or palmitoyl 
chloride was injected through a septum stopper[45] and the reaction of end group 
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modification was continuously carried out at 70 ºC for 24 hours. Then, the polymer 
solution was precipitated in cold methanol. After filtering and drying at 60 ºC in a 
vacuum oven for 48 hours, purified end-capped PLA was obtained.  
 
H3C 7 OH
Al(CH2CH3)3
H3C 7 O
Al(CH2CH3)2
O
O
O
O
(L-lactide or
DL-lactide)
70 oC, ~ 40 hrs
H3C 7 O
O
O
O
O
Al(CH2CH3)2
n
H3C 7 O
O
O
O
O
Y
n
X
 
 
X: 1. CH3OH, 2. CH3OC(=O)COCH3, and 3. CH3(CH2)14C(=O)Cl) 
Y: 1. -H, 2. -C(=O)CH3, and 3. -C(=O)(CH2CH2)7CH3)   
Scheme 3.1 Polymerization of end-capped polylactides. 
 
3.2-3 Characterization 
The synthesized PLAs were analyzed by NMR, GPC and DSC. Number-
average molecular weight (Mn) and end group composition were determined by 1H 
NMR. PLA samples were dissolved in CDCl3 solution for NMR analysis. Spectra 
were acquired at ambient temperature using the 300 MHz Unity Inova Varian NMR 
instrument operated with VNMR 6.1B software. Pulse sequence was as follows: 
relaxation delay (0.3 seconds), pulse (54.6 degree), acquisition time (3.744 second), 
width (4,000.00 Hz), number of data points (32,768) and total acquisition time (1 
minute 4 seconds). All NMR data were plotted with tetramethylsilane standard as 0.0 
ppm.  
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Mn and PDI (Mw/Mn) were determined by GPC system consisting of waters 
515 HPLC pump, waters RI 2410 detector, first column (Perkin-Elmer, single pore 
size, effective molecular weight range: up to 2000) and second column (Perkin-Elmer, 
mixed pore size, linear molecular weight range: 200 ~ 2,000,000). GPC was carried 
out at a flow rate of 1.0 ml/min at 30 ºC and eluted with THF. Sample concentration 
was 1.0 ~ 1.5 mg/ml. A calibration curve was developed with polystyrene standard 
data.  
DSC data of  PLAs were recorded in the range of 0 ~ 200 ºC with a scan rate 
of 5 ºC/min using TA instruments DSC Q2000 connected with a nitrogen cooling 
accessory. To determine Tg, Tc and Tm of PLAs, samples were heated to a 
temperature of at least 15 ºC above the melting temperature (~163 ºC) for 5 min and 
then rapidly quenched to 0 ºC to remove any existing thermal history. They were 
heated again from 0 to 200 ºC with a scan rate of 5 ºC/min. Tm and Tc were taken as 
peak temperatures and Tg was measured at the middle of the transition. 
Atomic force microscopy (AFM) was used to probe the morphological change 
of thin PLA films coated on quartz crystals by which sorption isotherm had been 
performed. All AFM experiments were carried out at room temperature using 
BioScopeTM (Veeco Metrology group, Inc.) operated by version 5.12 software. 
Silicon tips (NanoDevices, MPP-111000) mounted on a 125 µm length, 4 µm 
thickness and 45 µm width non-coated cantilever with a resonance of 300 kHz and a 
spring constant of 40 N/m were used for tapping mode.[46] Proportional gain, 
integral gain and scan rate were 1.2, 0.6 and 1.99 Hz, respectively. Phase images of 
samples were obtained with the size of 500 nm × 500 nm and 1 μm × 1 μm.  
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Wide–angle X-ray diffractograms (WAXD) of end-capped PLAs were 
obtained by Siemens D500 diffractometer using 1500 W Cu anode with a Ni filter to 
produce a Cukα monochromatic wavelength of 1.54 Å (40 kV and 30 mA) in the 2 θ 
range of 5 to 60 º at a scan speed of 0.61 º/min. Calibration scans were performed 
during a sample scan.    
3.2-4 Sorption isotherm  
Sorption isotherms of all PLA samples were constructed by the QCM/HCC 
technique by following the sample procedures as described in Chapter 2, Section 2.2-
3. 
3.3. Results and Discussions 
3.3-1 Characterization of polylactides 
37 
 
 
Figure 3.2. 1H NMR. (a) Standard PLLA10k, (b) P-PLLA10k-OH, (c) P-PLLA10k-A and (d) P-
PLLA10k-P. 
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Chemical structures of synthesized polylactides were confirmed by 1H NMR 
as shown in Figure 3.2. The main peaks of end-capped PLAs were assigned based on 
comparison to the literature[47] and Figure 3.2(a), standard PLLA10k. Number-
average molecular weight of P-PLLA10k-OH shown in Figure 3.2(b) was determined 
by the peak area ratio of –C(O)-C(CH3)(H)-O- (a, 1.52 ppm) and CH3-(CH2)14-CH2-
O- (c, 1.3 ppm). The relationship between NMR peak area and molecular weight can 
be expressed as 3n:28 = peak area of a: peak area of c (n is the degree of 
polymerization) and the results are summarized in Table 3.1. Figure 3.2(c) shows a 
NMR spectrum and chemical structure of acetoxy terminated PLLA10k with palmityl 
initiated end group (P-PLLA10k-A) which was prepared via esterification reaction 
between aluminum alkoxide link of polymer-end and acetic anhydride. The NMR 
spectrum of P-PLLA10k-A proved that acetoxy group was introduced successfully 
based on the peak area ratio of d and e (1:1) and number-average molecular weight 
was ~ 10,000 g/mol. Palmitoyl terminated PLLA10k with palmityl initiated end 
group (P-PLLA10k-P) was obtained through the esterification reaction between 
aluminum alkoxide link of polymer-end and palmitoyl chloride as shown in Figure 
2(d). Molecular weight and polydispersity index (PDI) measured by GPC using a 
polystyrene standard are shown in Table 3.1.  
Sample Mw (GPC) a Mn (GPC) a PDI Mn (theoretical) Mn (NMR) b 
4060 PLAc 184,200 83,200 2.21 _ _ 
Standard 
PLLA10k 
14,900 12,200 1.20 10,000 9,300 
Standard 19,980 12,840 1.56 10,000 9,000 
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PDLLA10k 
P-PLLA10k-OH 16,000 13,600 1.18 10,242 9,800 
P-PLLA10k-A 16,200 13,700 1.18 10,285 9,800 
P-PLLA30k-A 31,400 25,700 1.22 30,285 30,600 
P-PLLA90k-A 73,400 56,600 1.29 90,285 90,100 
P-PLLA10k-P 18,000 13,200 1.36 10,480 10,000 
P-PDLLA10k-OH 14,000 12,200 1.15 10,242 10,300 
P-PDLLA10k-A 12,600 11,000 1.14 10,285 10,200 
P-PDLLA10k-P 11,600 10,200 1.14 10,480 10,100 
Table 3.1. Molecular weights of standard and end – capped PLA samples. 
a THF was used as a solvent at 30 ºC. Polystyrene standard was used to determine Mw and Mn 
b CDCl3 was used as a solvent at ambient temperature. 
c 4060 PLA were obtained from NatureWorks, LLC. 
Thermal properties of standard and end-capped PLA samples are summarized 
in Table 3.2, displaying glass transition temperature (Tg), cold crystallization (Tc) and 
melting temperature (Tm) determined by DSC thermograms. 4060 PLA and all 
PDLLAs cannot crystallize, therefore only Tg appears on DSC thermograms. For 
example, Kulinski and Piorkowska[48] reported that 5 wt % poly (ethylene glycol) 
end group of semicrystalline and amorphous PLA was effective to decrease Tg due to 
a plasticizing effect that improved segmental mobility of PLA polymer chains. We 
expected that the end groups could act as plasticizers in the modified PLAs. In Table 
3.2, the Tg of standard PLLA10k (HO-PLLA10k-OH) is 53 °C and that of P-
PLLA10k-OH is 47 °C because the palmityl initiating end group (2.3 wt %) acts as a 
plasticizer. Tc was also affected by the palmityl end group and changed from 98 to 
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81 °C. Tg of P-PLLA10k terminated by hydroxyl or acetoxy group was about 48 °C 
while that of P-PLLA10k-P was at 44 °C, suggesting that additional aliphatic long 
chain (palmitoyl group) also acted as a plasticizer, lowering Tg. The series of 
amorphous P-PDLLA10k showed lower Tg than the series of semicrystalline P-
PLLA10k because the presence of crystalline domains increases the glass transition 
temperature.[49]  
Instrument DSC on powder samplea 
Sample 
Tgb  
(ºC) 
Tcb 
(ºC) 
Tmb 
(ºC) 
Crystallinity b,d 
(%) 
4060 PLAc 58 _ _ 0 
Standard PLLA10k 53 98 167 51 
Standard PDLLA10k 31 _ _ 0 
P-PLLA10k-OH 47 81 160 62 
P-PLLA10k-A 49 83 161 62 
P-PLLA30k-A 48 86 169 60 
P-PLLA90k-A 58 98 174 66 
P-PLLA10k-P 44 72 163 69 
P-PDLLA10k-OH 41 _ _ 0 
P-PDLLA10k-A 35 _ _ 0 
P-PDLLA10k-P 32 _ _ 0 
Table 3.2. Thermal properties of standard and end – capped PLA samples. 
a All samples were premelted at 200 ºC and cooled down to 0 ºC at a rate of 5 ºC/min. Then, second 
scan was performed from 0 to 200 ºC at a rate of 5 ºC/min. 
b Data from second scan. 
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c 4060 PLA were obtained from NatureWorks, LLC. 
d 93 J/g was used for the melting enthalpy of 100 % crystalline PLA.   
Glass transition temperatures of standard PDLLA10k (HO-PDLLA10k-OH) 
and P-PDLLA10k-OH were 31 °C and 41 °C, which is inconsistent with plasticizer 
effect of palmityl initiating end group. However, GPC results showed that water-
catalyst initiation system provided broader polydispersity index (PDI) than palmityl 
alcohol-catalyst initiation system. The lower Tg of standard PDLLA10k is likely 
caused by the broad polydispersity index. Several researchers have shown that the 
change in Tg arises from the ends of the polymer chains, which have more free 
volume than the same number of atoms in the middle of the chain.[50-52] Tg of P-
PDLLA10k terminated by hydroxyl or acetoxy group was about 40 °C while that of 
P-PDLLA10k-P was 32 °C. The glass transition temperatures of end-capped PLAs 
are also associated with the molecular weight. The Tg of P-PLLA10k-A and P-
PLLA30k-A was about 49 °C while that of P-PLLA90k-A was 58 °C. Some other 
researchers have proposed that higher molecular weight led to higher Tg.[49]  
3.3-2 Sorption isotherm and morphological change of polylactides 
Figure 3.3 illustrates the molecular weight effect of sorption isotherms on 
palmityl initiated end-capped poly (L-lactide) terminated by acetoxy end group (P-
PLLA-A) samples such as 10k, 30k and 90k. To completely melt all samples, P-
PLLA30k-A and P-PLLA90k-A were heat-treated at 180 ºC for 5min, and P-
PLLA10k-A was heat-treated at 170 ºC for 5min. According to literature review, 
there are some discrepancies regarding the effect of molecular weight on water 
sorption. Singh et al (2011) showed the high fraction of hydrophobic end group led to 
the decrease of water sorption in polylactide.[41] On the contrary, Cairncross et al. 
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(2007) reported that sorption isotherms of PLLA samples terminated by benzyl and 
acetoxy groups were nearly identical despite the change of molecular weight from 
10k to 14k. Likewise, the result in Figure 3.3 shows that the sorption isotherm of P-
PLLA-A is not sensitive to the change of molecular weight in this heat treatment 
condition.  
 
Figure 3.3. Sorption of water into P-PLLA-A series at 35 °C for several molecular weights. After spin 
coating, heat treatment was conducted at 180 °C for 5min. ▲: P-PLLA90k-A and ●: P-PLLA30k-A. 
Heat treatment at 170 °C for 5min. ■: P-PLLA10k-A. 
To understand why P-PLLA-A samples show almost the same sorption 
behavior regardless of molecular weight, morphology was investigated using tapping-
mode atomic force microscopy (AFM). Images from AFM represent the phase angle 
shift (phase lag, Δφmax) of cantilever oscillation due to interaction between the AFM 
tip and the polymer sample.[46] Images obtained from tapping-mode AFM provides a 
map of polymer stiffness variation; stiffer regions have more positive phase shifts and 
therefore appear brighter in the image.[53] Smaller differences in phase angle shift 
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between bright and dark area indicate that the regions have more similar viscoelastic 
properties. AFM images of P-PLLA10k-A and P-PLLA90k-A are shown in Figure 
3.4 and the magnitude of phase angle shifts were around 80o. Regardless of molecular 
weight, the morphological pattern is a lamellar structure; so in this case similar 
microstructures correspond to similar water sorption in P-PLLA-A. 
 
Figure 3.4. AFM images of P-PLLA-A series with different molecular weight. (a) P-PLLA10k-A 
(phase angle shift, Δφmax=80o) and (b) P-PLLA90k-A (Δφmax=75o) 
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To probe the relationship between water sorption and morphology in detail, 
sorption of PLA samples having different initiating and terminating end groups and 
molecular weights at a water activity of 0.7 is shown in Figure 3.5. After PLA 
samples were coated on quartz crystals, heat treatment was conducted in a 
conventional oven at 160 ºC for 5 min. Regardless of crystallinity, standard PLLA10k 
(70 % crystallinity by WAXD) and PDLLA10k (0 % crystallinity) show almost the 
same sorption behavior, which is the highest value among PLA samples, meaning that 
crystallinity is not the only factor dominating water sorption. Sorption into 4060 PLA 
(amorphous, ~100k) is approximately 22% lower than into either of the standard 10k 
samples presumably because the fraction of two hydrophilic hydroxyl end groups on 
PLA decreases at high molecular weight. 
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Figure 3.5. Water sorption in P-PLA10k series at 0.7 water activity (70% relative humidity) and 35 ºC. 
Heat treatment was performed at 160 ºC for 5 min. Data from 4060 PLA is shown for comparison. 
Data points are average of 2-3 experiments. Error bars represent the range of experimental data. 
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Sorption was also affected by palmityl initiating end group on PLA samples. 
Compared with standard PDLLA10k (HO-PDLLA10k-OH), PDLLA10k initiated 
with palmityl group (P-PDLLA10k-OH) absorbs 13% less water because palmityl 
group is hydrophobic. However, despite having the same end groups and molecular 
weight, semicrystalline P-PLLA10k-OH absorbs 31% less water than amorphous P-
PDLLA10k-OH, suggesting that the sorption of hydrophobic end-capped PLA is 
somewhat sensitive to crystallinity.        
The terminated end group composition was also one of the important factors 
to determine water sorption of polylactide. Sorption of P-PLA10k series terminated 
with hydroxyl, acetoxy or palmitoyl end group are shown in Figure 3.5. The results 
indicate that semicrystalline P-PLLA10k series and amorphous P-PDLLA10k series 
have significant differences in sorption behavior. Overall, the P-PLLA10k series 
absorb less water than the P-PDLLA10k series, meaning that water sorption is 
influenced by crystallinity. Generally, high crystallinity causes a decrease in water 
sorption. However, the prior results for standard PLA showed that the crystallinity of 
standard PLA had a minimal effect on water sorption because two end groups were 
hydrophilic.[8, 40, 54]  
It was expected that P-PLA10k-OH terminated by hydroxyl group would 
absorb more water than P-PLA10k terminated by acetoxy and palmitoyl groups 
because P-PLA10k-OH has one hydrophilic end group (-OH), and P-PLA10k-P 
would absorb the least water due to the hydrophobic palmitoyl terminating end 
groups. The water sorption of P-PLA10k-A was expected to be in between them. The 
hydrophobic aliphatic contents (wt%) of P-PLA10k-OH, P-PLA10k-A and P-
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PLA10k-P are 2.3, 2.3 and 4.7, respectively. In case of amorphous P-PDLLA10k 
series terminated by hydroxyl, acetoxy or palmitoyl group, the water sorption follows 
the expected trend. However, the sorption of semicrystalline P-PLLA10k series 
terminated by hydroxyl, acetoxy or palmitoyl group does not.  
Sorption of semicrystalline P-PLLA10k series decrease in the order: P-
PLLA10k-P > P-PLLA10k-OH > P-PLLA10k-A. In other words, termination with 
acetoxy leads to less water sorption than either hydroxyl or palmitoyl. To 
comprehend the phenomenon, the difference in morphology of these samples should 
be considered. Oliveira et al. (2006) reported that the water solubility of poly (lactic 
acid) with 98:2 (L:D) ratio was somewhat insensitive to crystallinity while that of 
annealed PLA with 80:20 (L:D) ratio decreased by 20 % compared with annealed 
PLA 98:2, indicating that water solubility was related to L:D ratio, which was 
possibly associated with differences in crystallinity and free volume.[3] Kobori et al. 
(2004) reported the water wettability of end–capped PLLAs at the carboxylic acid 
initiated end group with dodecyl or 2-(2-(2-methoxyethoxy) ethoxy) ethyl (MEEE) 
ester terminating end group. It was concluded that microphase separation of end 
groups on PLLA was strongly influenced by the crystallization conditions and the 
wettability of PLLA samples was affected by the separation between end group and 
PLLA-rich domain, meaning that overall surface properties of PLLA changed due to 
microphase separation.[42] Fluorocarbon end-capped polylactides also effectively 
improved water repellency caused by microphase separation of fluorine groups to the 
surface.[43] We explore the relationship between water sorption and morphology 
such as crystallinity and microphase separation.   
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Figure 3.6 displays AFM phase images of P-PLA10k series which show the 
morphology of PLA samples heat-treated at 160 °C for 5 min. The AFM phase image 
of P-PDLLA10k-P (Figure 3.6(d)) shows microphase separation between PDLLA-
rich domains (bright area) and hydrophobic end-group-rich domains (dark area), and 
the microphase separation in P-PDLLA10k-A (Figure 3.6(c)) is also occurred. Small 
phase angle shifts (< 20 o) occur due to small differences in the viscoelastic properties 
of PDLLA-rich domains and hydrophobic end-group-rich domains. The two long end 
groups of P-PDLLA10k-P (Figure 3.6(d)) could cause much better microphase 
separation than one long end group of P-PDLLA10k-A (Figure 3.6(c)). P-
PDLLA10k-P showed the lowest sorption among P-PDLLA10k series, suggesting 
that the microphase separation hindered water sorption. The result contrasts with 
Figures 3 and 4 which show the same sorption isotherm and AFM image regardless of 
the molecular weight and the end group fraction in PLA. It should be noted that the 
heat treatment condition for all samples reported on Figure 3.5 was 160 °C for 5 min 
which is different from the heat treatment condition for P-PLLA10k-A sample 
reported on Figure 3.3 which was 170 °C for 5min. This difference in heat treatment 
condition could cause changes in microstructure demonstrated by AFM images in 
Figures 3.4(a) and 3.6(a), which leads to a difference in water sorption. In case of 
PLLA, however, P-PLLA10k-P (Figure 3.6(b)) shows weak phase angle difference 
while P-PLLA10k-A (Figure 3.6(a)) exhibits the highest phase angle difference. 
Based on WAXD (Figure 3.7), crystallinities of P-PLLA10k-A and P-PLLA10k-P are 
66 % and 20 %, respectively. It is believed that the AFM phase image of P-
PLLA10k-A (Figure 3.6(a)) mainly resulted from crystallization. In case of P-
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PLLA10k-P (Figure 3.6(b)), two long aliphatic end groups of P-PLLA10k-P 
apparently hinder crystallization in films at this heat treatment condition. The 
disruption of crystallinity in P-PLLA10k-P films, therefore, becomes an important 
factor that leads to higher sorption compared to P-PLLA10k-A films while there are 
two hydrophobic end groups on the PLA sample. 
Morphological patterns on P-PLLA10k-A (Figure 3.6(a)) and P-PDLLA10k-P 
(Figure 3.6(d)) are significantly different. The semicrystalline P-PLLA10k-A showed 
lamellar structures and broad crystalline regions while the amorphous P-PDLLA10k-
P appeared microphase separation between amorphous PLA and hydrophobic end-
rich domain (randomly scattered structure). It indicates that morphology was affected 
by crystallization. The high phase angle difference of P-PLLA10k-A indicates that 
the crystalline regions of P-PLLA10k-A (Δφmax ~120o) have higher stiffness than the 
microphase separation regions of P-PDLLA10k-P (Δφmax ~ 15o).  
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Figure 3.6. AFM phase images of P-PLA10k series based on phase angle shift (Δφmax). (a) P-
PLLA10k-A (Δφmax=120º), (b) P-PLLA10k-P ((Δφmax=5º), (c) P-PDLLA10k-A (Δφmax=10º) and (d) P-
PDLLA10k-P (Δφmax=15º). Scale bar: 250 nm. 
The AFM phase image of P-PLLA10k-A (Figure 3.6(a)) exhibits the largest 
variation of phase angle shift (Δφmax=120°); the bright areas are considered as the 
crystalline regions of PLLA and the dark areas are considered as amorphous PLA-
rich and hydrophobic end-group-rich domains. In the magnified inset of Figure 3.6(a), 
the crystalline region (lamellar structure) of P-PLLA10k-A is shown; the crystalline 
phase appears as a bright color while the end-group-rich phase appears as a dark color. 
On the other hand, in the poorly-developed crystalline region of P-PLLA10k-A, the 
amorphous PLA phase appears as gray color which is in between the brightness of 
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crystalline phase and end-group phase. This indicates that there is a microphase 
separation between the end-group-rich domain and the amorphous PLA-rich domain 
in P-PLLA10k-A. Both P-PLLA10k samples, regardless of terminated end group, 
demonstrated wide angle x-ray diffraction pattern of α–form crystalline lattice (Figure 
3.7).[42, 53] The phase angle shift in P-PLLA10k-P (Figure 3.6(b)) is small (5o) and 
microphase separation between end-group-rich domain and amorphous-PLA-rich 
domain is not clear. It is therefore hypothesized that low crystallinity and weak 
microphase separation in P-PLLA10k-P resulted in the highest amount of water 
sorption among the P-PLLA10k series.  
 
Figure 3.7. Wide-anlge X-ray diffraction patterns of end-capped PLLA10k coated on quartz crystal. (a) 
P-PLLA10k-A (66 % crystallinity) and (b) P-PLLA10k-P (20 %). 
Several trends in water sorption were observed. Generally, in P-PDLLA10k 
series, water sorption decreased with the increase in hydrophobicity of the end group 
type. However, in P-PLLA10k series, sometimes the increase in the hydrophobicity 
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of the end group content disrupted forming crystalline region, resulting in high water 
sorption. We hypothesize that P-PLLA10k-A (Figure 3.6(a)) absorbs the least water 
sorption because it has the high crystallinity (66 %) and microphase separation. We 
also hypothesize that P-PLLA10k-P absorbs the most water among the P-PLLA10k 
series because the higher palmityl content inhibits the formation of crystalline region 
and microphase separation did not occur. Water sorption is directly related to 
morphological changes including crystallinity and microphase separation which are 
influenced by the combination of factors; molecular weight, stereoisomerism, and end 
group composition.  
3.3-3 The effect of heat treatment in water sorption isotherms of end-capped 
PLA 
In the previous section, it was shown that palmityl initiated poly (L-lactide) 
with acetoxy terminated end group having 10,000 g/mol of molecular weight (P-
PLLA10k-A) absorbed the least amount of water among end-capped PLA samples. 
Therefore, it was selected to investigate the effect of heat treatment on sorption 
isotherms as shown in Figure 3.8. Sorption experiments (Figure 3.8), WAXD (Figure 
3.9), and AFM (Figure 3.10) were performed with the same polylactide film coated 
on a quartz crystal. Therefore, we investigated how heat treatment condition leads to 
changes in water sorption, crystallinity and morphology on the same PLA sample.  
 
 
 
 
52 
 
 
                                                                
 
  
                                                                                                       
                                                                                                              
                                                                                                                 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. The effect of heat treatment on the sorption isotherms of amorphous and semi-crystalline 
end-capped polylactide (P-PLLA10k-A) subjected to different heat treatment conditions; 170oC (▲), 
160oC (■) and 120oC (●). Amorphous end-capped polylactide (◊, P-PDLLA10k-A). 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 3.9. Wide-angle X-ray diffraction patterns of end-capped polylactide (P-PLLA10k-A) subjected 
to different heat treatments. (a) 170ºC for 5 minutes producing 70 % crystallinity, (b) 160ºC for 5 
minutes producing 53 % crystallinity and (c) 120ºC for 5 minutes producing 15 % crystallinity.  
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Figure 3.8 shows the sorption isotherms of amorphous and semi-crystalline 
end-capped polylactides subjected to heat treatment conditions of 170oC, 160oC and 
120oC for 5 minutes. The amount of water sorption in P-PDLLA10k-A was 0.005 g 
(water)/g (PLA) at 0.7 water activity. The water sorption of P-PLLA10k-A heat-
treated at 120oC for 5 minutes was 0.0027 g (water)/g (PLA) which is significantly 
lower than that of P-PDLLA10k-A. However, the sorption isotherms of P-PLLA10k-
A increased with the increase of heat treatment temperature from 120 to 170oC. 
Finally, amorphous P-PDLLA10k-A and semi-crystalline P-PLLA10k-A heat-treated 
at 170oC for 5 minutes showed almost the same sorption behavior. Furthermore, the 
amount of water sorption in the polylactide heat-treated at 170ºC is two times higher 
than that heat-treated at 120ºC at 0.7 water activity.  
Figure 3.9 shows the effect of crystallinity on sorption isotherms for P-
PDLLA10k-A; as in the standard PLA experiments crystallinity was varied by heat 
treatment at different temperatures (Chapter 2). The wide-angle X-ray diffraction 
(WAXD) patterns of P-PLLA10k-A by different heat treatment conditions were 
obtained with the same samples which had been used for sorption experiments. 
WAXD patterns indicate that the increase of crystallinity is mainly due to raising the 
α-form of PLLA crystalline lattice by increasing heat treatment temperature, meaning 
that most of the hydrophobic end groups were positioned in the amorphous region. 
The crystallinity increases monotonically with heat treatment temperature from 15% 
at 120°C heat treatment to 70% at 170°C heat treatment. As in the standard PLA 
experiments (Chapter 2), an anomalous relationship between water sorption and 
crystallinity was observed – higher crystallinity leads to higher water sorption.  At 
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70% crystallinity, the water sorption of P-PLLA10k-A is nearly the same as the 
sorption in purely amorphous P-PDLLA10k-A. It is important to note that low 
crystallinity (~ 15%) showed the lowest water sorption (as listed in Table 3.3). 
Polymer sample 
type 
Heat 
treatment 
condition 
Crystall-
inity 
from 
WAXD
Amorphous 
PLA (wt%) 
from 
WAXD 
 
Hydroph-
obic end 
group 
(wt%) 
 Hydroph-
obic end 
(wt%) in the 
amorphous 
domain 
Sorption       
(g (water) /     
g (PLA))       
at 35oC,        
0.7 water 
activity(×10-3)
P-PDLLA10k-A 120oC 0 % 100 % 2.3 % 2.3 % 4.9 
P-PLLA10k-A 
120oC 15 % 85 % 2.3 % 2.71 % 2.6 
160oC 53 % 47 % 2.3 % 4.89 % 3.5 
170oC 70 % 30 % 2.3 % 7.67 % 5.2 
Table 3.3. The percentage of amorphous end-capped PLA and hydrophobic end group in amorphous 
PLA based on heat treatment condition. Molecular weight is 10,000 g/mol. 
 To explore the anomalous water sorption, the morphology of the films as a 
function of heat treatment conditions was investigated. Figure 3.10 illustrates AFM 
phase images of semi-crystalline P-PLLA10k-A and amorphous P-PDLLA10k-A 
subjected to different heat treatment conditions. The AFM phase image of the 
amorphous P-PDLLA10k-A shows microphase separation consisting of bright and 
dark regions, indicating a hydrophobic end group rich phase (dark) and an amorphous 
polylactide rich phase (bright) as shown in Figure 3.10(d). The stiffness variation 
between bright and dark phases is clear and corresponds to a phase angle difference 
of about 20o.  This stiffness variation indicates that microphase separation exists in 
between the amorphous PLA and the hydrophobic end groups.  
In semi-crystalline end-capped PLA, the stiffness variation between 
crystalline regions and amorphous or end-group-rich phases is much larger than the 
stiffness variation between amorphous and end-group-rich phases.  The P-PLLA10k-
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A heat-treated at 120oC for 5 minutes has a broad crystalline region (Figure 3.10(c)). 
The sample heat-treated at 160oC for 5 minutes contains broad crystalline region and 
lamellar structure (Figure 3.10(b)) while that at 170oC for 5 minutes includes only 
lamellar structure (Figure 3.10(a)).  
                            
(a) 170 oC for 5 minutes                                          (b) 160 oC for 5 minutes 
                            
                      (c)  120 oC for 5 minutes                                     (d) 120 oC for 5 minutes 
Figure 3.10. AFM phase images of semi-crystalline end-capped polylactide (P-PLLA10k-A) with 
different heat treatment conditions; (a) 170oC for 5 minutes, (b) 160oC for 5 minutes and (c) 120oC for 
5 minutes, and amorphous end-capped polylactide (P-PDLLA10k-A); (d) 120oC for 5 minutes. All 
scales are 125 nm. 
 The effect of heat treatment and molecular weight on sorption isotherm of P-
PLLA-A is displayed by sorption isotherms in Figure 3.11. Selected molecular 
weights were 10,000 and 90,000 g/mol, and heat treatment conditions were 70ºC for 
12 hours and 180ºC for 5 minutes. Based on heat treatment conditions, the effect of 
molecular weight of P-PLLA-A showed different trends. At 180ºC for 5 minutes of 
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heat treatment, there is no effect of molecular weight on sorption isotherm which 
presents the same water sorption (0.0055 g (water)/g (PLA) at 0.7 water activity) and 
crystallinity (~70%). However, at lower heat treatment condition (70oC for 12 hours), 
there is an effect of molecular weight on water sorption isotherms. Specifically, P-
PLLA90k-A absorbs 23 % more water than P-PLLA10k-A. As shown by Singh et al, 
the reduction of weight content of the hydrophobic end group in higher molecular 
weight polymers is related to the increase of water sorption.[16] At a heat treatment 
temperature of 70°C, the crytallinity of P-PLLA90k-A was 40% while that of P-
PLLA10k-A was 18%. However, the weight content of the hydrophobic end group at 
a molecular weight of 90k is 9 times lower than that at a molecular weight of 10k. 
Therefore, the effect of the hydrophobic end group becomes the dominant factor 
affecting the water sorption. As a result, P-PLLA90k-A absorbed more water than P-
PLLA10k-A at low heat treatment condition.  
AFM phase images of end-capped PLA subjected to heat treatment conditions 
are shown in Figure 3.12. The AFM phase images of P-PLLA10k-A and P-PLLA90k-
A heat-treated at 70ºC for 12 hours show broad crystalline region and have 18 and 
40 % crystallinity while the samples heat-treated at 180ºC for  5 minutes have 
lamellar structure and almost the same crystallinity (~70%) regardless of molecular 
weight. These results suggest that a broad crystalline structure rather than a lamellar 
structure gives rise to lower sorption isotherm of the end-capped semi-crystalline 
polylactide. 
 
 
57 
 
 
 
 
 
 
 
 
 
Figure 3.11. The effect of heat treatment and molecular weight on the sorption isotherms of end-
capped polylactide (P-PLLA-A). Heat treatment conditions; 180oC for 5 minutes (opened symbols) and 
70oC for 12 hours (closed symbols). Molecular weights; 90,000 g/mol (90k, squares) and 10,000 g/mol 
(10k, circles). 
 
                 
          (a) 90k, 180oC for 5 minutes                                          (b) 10k, 180oC for 5 minutes 
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              (c)  90k, 70oC for 12 hours                                          (d) 10k, 70oC for 12 hours 
 
Figure 3.12. AFM phase images of P- PLLA-A with different heat treatment conditions (180oC and 
70oC) and molecular weights (90k and 10k). All scales are 1 µm. 
As shown in this chapter and the previous chapter, both standard PLA and 
end-capped PLA exhibit an anomalous relationship between crystallinity and water 
sorption such that the amount of water absorbed in semi-crystalline PLA increases as 
crystallinity increases – contrary to the commonly-held expectation. For standard 
PLA with hydrophilic hydroxyl and carboxylic acid end groups, which are expected 
to be excluded from the crystalline regions based on x-ray diffraction, the increasing 
sorption at higher crystallinity correlates with an increase in concentration of 
hydrophilic end-groups in the amorphous phase; consequently the solubility in the 
amorphous phase (Sa) increases and compensates for the decrease in amorphous 
phase volume fraction (φa). However, this explanation fails to explain why PLA with 
hydrophobic end groups exhibits similar anomalous behavior. 
Although the physical mechanism for anomalous sorption behavior of PLA 
end-capped with hydrophobic groups is not clear, there are several factors that can 
affect the relationship between heat treatment, microstructure, and water sorption:  
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 There are three possible phases in PLA: (1) crystalline region, (2) amorphous 
region and (3) hydrophobic end-group-rich phase.[55]  
 An amorphous interphase region may also exist between crystallites in which 
the conformation of PLA molecules is constrained.[56-58] 
 Water is absorbed mostly into the amorphous region.  
 End groups are hydrophobic and are expected to remain in the amorphous 
region or the end-group-rich phase.  
 The end-group-rich-phase (microphase separation) vanishes at high 
crystallinity. 
Water sorption in end-capped PLA is significantly less (~68 %) than in 
standard PLA, so it is likely that end groups show the reduction of water sorption. As 
crystallinity increases during heat-treatment of end-capped PLA, the several 
morphological changes occur that can affect moisture sorption.  The volume fraction 
of the amorphous region decreases as more PLA enters into the crystalline region and 
the concentration of end groups in the amorphous phase increases.  At high 
crystallinity, the crystallites are lamellar and there is no evidence of a micro-phase-
separated end-group-rich phase; disappearance of this hydrophobic phase could cause 
a small increase in water sorption. Formation of an interphase region at the surface of 
polymer crystallites has been hypothesized by some researchers21,27-29; the interphase 
region would contain constrained polymers with different conformation than the 
amorphous regions and could exhibit higher water sorption, for example due to higher 
free volume. Unfortunately, which of these mechanisms is responsible for the 
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anomalous sorption behavior in end-capped PLA is unclear at this time and is a focus 
of on-going research. 
3.4. Conclusions 
A variety of end-capped polylactides were synthesized and characterized. 
End-capped PLAs (PLLA and PDLLA) were synthesized by ring-opening 
polymerization with AlEt3 catalyst system. The end-capped PLAs were initiated with 
palmityl alcohol and terminated with hydroxyl, acetoxy or palmitoyl end groups. 
These synthesis techniques were effective to introduce initiating and terminating end 
groups as well as to control molecular weight of end-capped PLAs. The 
polydispersity with AlEt3 catalyst was much narrower than that with Tin(II) 2-
ethylhexanoate.   
Sorption isotherms, AFM phase images and crystallinities determined by 
WAXD were obtained with the same PLA sample coated on a quartz crystal to 
minimize experimental errors. The QCM/HCC with a high mass sensitivity was a 
powerful tool to explore the sorption isotherms of PLA because the water sorption of 
PLA was below 1 wt%. By the QCM/HCC, a stable equilibrium state at each water 
activity was achieved within a short time (~20 minutes). In tapping mode AFM, 
PLA’s morphology was investigated by images which showed the surface stiffness 
variations of end-capped PLA samples. WAXD patterns were used to obtain 
crystallinity of all samples which was one of important factors on water sorption.   
Standard PLAs and hydrophobic end-capped PLAs showed different sorption 
dependency. The water sorption in standard PLA was directly related to molecular 
weight. Most of the water is absorbed into the amorphous domain of PLA containing 
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hydrophilic hydroxyl end group which is a major driving force to absorb water. 
Therefore, lower molecular weight provides higher content of hydroxyl end group on 
a polymer chain, which leads to higher water sorption. Hydrophobic end-capped 
PLAs provide different morphologies which affect water sorption. Factors such as 
molecular weight, stereoisomerism, and end group composition, created a 
morphology such as crystallinity and microphase separation between end-group-rich 
domain and amorphous PLA-rich domain, which showed different water sorption. It 
was also revealed that crystallization and microphase separation led to low water 
sorption.  
The water sorption of hydrophobic end-capped poly(L-lactide) (P-PLLA-A) is 
also affected by heat treatment which induces morphological changes: microphase 
separation between an end-group-rich domain and an amorphous domain, and 
crystallization of initially amorphous regions. Based on literature review and previous 
reports, formation of rigid amorphous domains in PLA by heat treatment could be one 
of the factors to control water sorption at high crystallinity. At low heat treatment 
temperature (70oC), low molecular weight PLLA (P-PLLA10k-A) absorbs less water 
than high molecular weight (P-PLLA90k-A). At high heat treatment temperatures, 
both molecular weights (10k and 90k) have equal water sorption. In addition, P-
PLLA10k-A heat-treated at low temperature absorbs less water than P-PLLA10k-A 
heat-treated at high temperature because the former exhibits low crystallinity and 
broad crystalline structure from which microphase separation could be maintained, 
and the latter has lamellar structure and high crystallinity in which microphase 
separation cannot occur. 
62 
 
Water sorption in polylactide is complicated by anomalous dependence on 
various factors: morphology (crystallinity and microphase separation), end group 
composition and molecular weight. This chapter explored how molecular structure 
and heat treatment lead to morphological changes that affect sorption. The results in 
this chapter could be used to guide how polylactide can be designed to manage its 
moisture level. 
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CHAPTER 4: WATER TRANSPORT IN GRAFT POLYMER AND 
HOMOPOLYMER POLYLACTIDE AND THE DETECTION OF WATER 
CLUSTERS 
4.1. Introduction 
Water barrier properties in polymers are strongly influenced by the states of 
water molecules existing in the polymer matrix. Different states of water in polymer 
membranes can be identified: (1) single (monomeric) water molecules that show no 
interaction with other water molecules, (2) aggregated water molecules that interact 
with other water molecules to form agglomerates or clusters, and (3) bound water 
molecules with localized interactions between water and polymer groups.[59] The 
presence of clustering is expected to have a large impact on barrier properties in 
polymers, leading to a more stable state. Nguyen et al. (1996) hypothesized that the 
formation of solvent clusters reduces the interfacial area between solvent and polymer 
molecules.[60] Water clusters are stabilized by hydrogen bonds between water 
molecules, creating a partially-ordered structure of water molecules.[12] Some 
researchers et al. reported a correlation between the tendency for absorbed water 
molecules to form clusters and the disparity of the polarity between the polymer 
matrix and absorbed water.[61] Higher hydrophobicity of the polymer matrix leads to 
lower sorption of water into the polymers, which leads to a stronger tendency to form 
clusters.[60] For a moderately hydrophobic polymer like polylactide, clustering can 
form if the amount of absorbed water molecules is higher than the maximum number 
of polar binding sites in the polymer.[34] 
The diffusion process of water molecules in PLA also depends on many 
factors, including the size of water clusters. A cluster of water is larger and takes 
longer time to diffuse through a polymer membrane compared to a single small 
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molecule. Clustering could then lead to a lower apparent value of the diffusion 
coefficient.[12] Therefore, for the goal of improving the moisture barrier properties in 
PLA, the presence of water clusters could be considered favorable. Several 
researchers have reported the existence of water clustering in PLA.[12, 13] Siparsky 
et al. (1997) and Yoon et al. (2000) estimate water sorption enthalpies of –40 to –45 
kJ/mol which are similar to the heat of vaporization of water. This result indicates a 
weak interaction between water and polymer chains and supports that water 
clustering exists in PLA.[12, 13]  
In an effort to improve the mechanical and water barrier properties of PLA, a 
PLA graft copolymer, poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol-graft-
DL-lactide) [PCNL] shown in Figure 4.1a, was synthesized. PCNL contains 5 wt% of 
a hydrophobic rubber, which forms the backbone of the graft copolymer.  Differential 
scanning calorimetry and small-angle x-ray scattering indicate that the rubber 
backbone forms nanoscopic domains in a matrix of PLA. The clustering behavior of 
PCNL was investigated and compared with a synthesized poly(D,L-lactide) [PLA] 
control shown in Figure 4.1b. Water transport through synthesized polymer samples 
was studied via the quartz crystal microbalance/heat conduction calorimetry 
(QCM/HCC) technique. Sorption isotherms at different temperatures were generated 
to estimate the water sorption enthalpy value at different water activity levels using 
Van’t Hoff’s law. It was expected that PCNL with the addition of 5 wt% of the 
hydrophobic backbone would give a lower water sorption compared to PLA. 
However, the results in this paper show a negligible difference in the amount of water 
sorption in both materials. The HCC method was also used to estimate the water 
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sorption enthalpy by using the thermal power signals. Some research group has used 
the HCC method to study the water sorption enthalpy in polymers.[62] However, 
based on the authors’ up-to-date knowledge, there are no publications regarding the 
study of water sorption enthalpy in PLA by using the HCC technique. Zimm-
Lundberg’s clustering theory was applied to theoretically investigate the clustering 
behavior in PLA. Finally, the engaged species induced clustering (ENSIC) model that 
takes into account both the water-water and water-polymer interaction was used to 
curve fit sorption isotherms in order to determine if clustering exists in PLA and 
PCNL. It was concluded that clustering of water molecules exists in both polymers in 
this study. All the synthesis and characterization work (Appendix 4) in this chapter 
was done by Grayce Theryo, University of Minnesota. 
4.2. Theoretical Background 
This section reviews some classic theories regarding clustering of water or 
solvent molecules in polymers. 
4.2-1 Zimm-Lundberg’s theory of clustering in polymers 
According to the theory of Zimm and Lundberg, the clustering function can be 
used to determine the extent of clustering in a solution.  The clustering function, 
determined from an equilibrium sorption isotherm, is a function of solvent activity 
and volume fraction:[22, 63] 
   1 111 1
1 1 ,
/
1 1
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       
                              (4.1) 
where G11/V1 is the clustering function, 1  and 1a  are solvent volume fraction and 
activity, respectively. In a random solution, the solution activity is linearly 
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proportional to the volume fraction, therefore G11/V1 = –1. The extent of clustering in 
the solution is indicated by the extent to which G11/V1 > –1.[22] The clustering 
function can be calculated from experimental equilibrium sorption data of  1 
(volume fraction of absorbed water) and 1a (activity of water in gas).                        
4.2-2 The engaged species induced clustering (ENSIC) model 
To take into account different types of molecular interactions in a polymer-
solvent matrix, the engaged species induced clustering (ENSIC) model considers the 
probability of insertion of one non-polymeric molecule (e.g. gas, vapor or solvent) 
into a polymer-solvent matrix containing two types of molecules: the polymer and the 
previously sorbed molecules.[64, 65] The affinity between the non-polymeric 
molecule and the polymer or previously sorbed molecule is denoted as kp or ks, 
respectively. A simple relationship between the increase in the amount of sorbed 
molecules (dns) and the increase in the condense phase pressure (dP) can be 
derived:[65]  
     dns = (kpnp + ksns) (dP/P0)              (4.2) 
where ns and np stand for the solvent and polymer cell number in the matrix, 
respectively. Two assumptions have to be made: (i) each of the polymer cells has the 
same volume as the volume of a sorbed solvent molecule and chemical bonds 
between polymer cells that belong to the same molecule are not considered. Equation 
(4.2) holds true by assuming that the volume change of the matrix is negligible by the 
addition of a solvent molecule. In other words, the matrix volume is large enough so 
that the addition of a solvent molecule does not significantly change the total cell 
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number. Under the assumption of ideal gas system, integration of equation 4.2 leads 
to the following expression:[64, 65] 
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where  1 and 1a  are the volume fraction and activity of the gas molecule, 
respectively. A system that follows Henry’s law has equal values of kp and ks, 
signifying that there is no specific interaction between sorbed gas molecules and the 
polymer. On the other hand, water clusters likely exist if ks >> kp.  
4.3. Experimental 
4.3-1 Materials 
Poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol-graft-lactide) [PCNL] 
was synthesized using a two-step “grafting-from” scheme (Scheme A4.1), similar to 
the synthesis of a previously reported polylactide graft copolymer.[24] The rubbery 
backbone (PCN), which served as a macroinitiator for polylactide polymerization, is a 
copolymer of 1,5-cyclooctadiene and 5-norbornene-2-methanol with a number-
average molecular weight (Mn) of 21 kg/mol and 6 graft points per backbone chain on 
average (1H NMR, Figure A4.1). The graft copolymer contains 95 wt% DL-lactide, 
resulting in a theoretical molecular weight of 68 kg/mol for each PLA graft. 
Solvent/non-solvent fractionation of the same polymer from a different synthetic 
batch with subsequent 1H NMR and size-exclusion chromatography analysis of 
PCNL indicated that the material contains about 31 wt% homopolymer PLA (Mn = 38 
kg/mol).  Thus, we estimate that the actual Mn for each PLA graft is 57 kg/mol. 
Small-angle x-ray scattering (SAXS) and differential scanning calorimetry (DSC, 
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Figures A4.8) strongly suggests that PCNL is microphase separated with a domain 
spacing of 25 nm as determined by SAXS (Figure A4.5). For the purposes of 
comparison, a poly(DL-lactide) sample (Figure 4.1b), initiated from benzyl alcohol, 
(Mn = 40 kg/mol by 1H NMR) was also synthesized under similar reaction conditions. 
The Tg of PLA in both materials was 54 °C as determined by DSC).  The detailed 
synthesis and characterization data of PCNL and the homopolymer control PLA can 
be found in the supplementary materials.  
 
Figure 4.2. The chemical structure of (a) poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol-graft-
DL-lactide) and (b) poly(DL-lactide) control.  
4.3-2 Sorption experiments by QCM/HCC 
Sorption experiments were done by the same procedures described in Chapter 
2, Section 2.2-3. For each tested sample, an average from 3–4 sorption experiments 
was calculated and the error bars denote the maximum and minimum value on each 
set of data. To calculate water solubility in PLA and PCNL, each data point on the y-
axis of the sorption isotherm was converted from mass ratio units (g water/g polymer) 
to (cm3(STP)/cm3 Pa).[12] 
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4.3-3 Water enthalpy of sorption by the HCC method 
As water absorbs into a polymer film, heat is released and the QCM/HCC can 
measure this heat of sorption. The QCM/HCC measures both the change in mass per 
area and the corresponding heat flow of the process via thermal signals. The integral 
heat change due to sorption or desorption, Q, can be determined by integrating the 
measured heat flow, U:[25, 66] 
                                                                   
2
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Q Udt                                               (4.4) 
per molecular unit: 
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                                            (4.5) 
where n are the moles of adsorbed gas determined from QCM measurement of mass 
change and SH  is the molar enthalpy of sorption (kJ/mol). 
During a QCM/HCC experiment, a change in water vapor activity leads to a 
peak in the thermal power signals. An example of raw thermal power data from an 
increase step in water activity is shown in Figure 4.2. The thermal power baseline 
varies with each experiment and needs to be subtracted before integrating the area 
under the peak. 
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Figure 4.2. The change of thermal power signals with a stepwise increase in activity from a sample 
measured at 35°C by QCM/HCC 
4.3-4 Water sorption enthalpy by applying Van’t Hoff’s law 
According to Van’t Hoff’s law, the solubility coefficient, S, can be related to 
the heat of sorption, SH (enthalpy of sorption), by:[12, 62] 
0 exp( / )SS S H RT                                      (4.6) 
where S0 and SH  indicate the solubility in the case of no interaction between 
polymer molecules and the sorption enthalpy, respectively. A linear plot of ln(S) 
versus 1/T, therefore, will yield a slope of /SH R which enables calculation of the 
sorption enthalpy value. In this research, sorption experiments were performed on 
PLA and PCNL at four different temperatures by using the QCM/HCC technique. 
Sorption enthalpy of water in both polymers was calculated at each activity level by 
applying the Van’t Hoff’s law. 
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4.4. Results and Discussions 
4.4-1 Water sorption isotherm in PLA and PCNL 
Water sorption in PLA and PCNL samples was studied by using the 
QCM/HCC technique. Figure 4.3 shows water sorption isotherms in both polymers 
measured at 35 °C. According to this result, PLA and PCNL absorbed very similar 
amounts of water at all water activity levels. In other words, the addition of 5 wt% of 
the hydrophobic rubber into PLA did not change the equilibrium water sorption of 
PLA significantly. Both polymers are completely amorphous and cannot crystallize. 
Therefore, crystallinity and heat treatment conditions should not be the factors to 
manage the moisture level in PLA and PCNL. The primary difference between the 
two materials is the presence of the hydrophobic rubber in PCNL. The result showed 
that graft copolymerization in this case did not make a significant change in water 
barrier properties. 
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Figure 4.3. Water sorption isotherm in PLA and PCNL films measured at 35°C by QCM/HCC 
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4.4-2 Clustering of water by sorption enthalpy measurements 
The enthalpy of water sorption was calculated by the procedure described in 
the experimental section at different water activity levels. Van’t Hoff’s law is a 
common method that has been used by many researchers to measure the sorption 
enthalpy in polymer-solvent systems.[12, 13, 62]  However, the HCC method is a 
relatively newer technique. Smith et al. (2006) used the HCC technique to measure 
the sorption enthalpy of water in PEO/PAA multilayer films over a wide range of 
humidity and found that the enthalpy of water sorption measured using the HCC 
technique matched with that calculated by Van’t Hoff’s law.[62] Figure 4.4 shows 
sorption enthalpy values for PLA and PCNL at different activity levels determined by 
both the HCC technique and Van’t Hoff’s law. Each data point on Figure 4.4 is an 
average value from 3-4 samples with the error bar indicating the maximum and 
minimum range of the data. In order to use Van’t Hoff’s law, solubility of water in 
PLA and PCNL at different activities was converted from (g water/g polymer) to 
(cm3(STP)/cm3 Pa). Figure A7.1 in Appendix 7 shows plots of ln (S) versus 1/T 
obtained by sorption experiments at different activities for both PLA and PCNL 
samples. The R2 values of all linear curve fits to the Van’t Hoff’s law were greater 
than 0.98. In PCNL sample, by Van’t Hoff’s law, the value of the sorption enthalpy 
varied between –40 and –45 kJ/mol. The difference in sorption enthalpy measured at 
different activity levels was relatively small. By the HCC method, there was also no 
apparent trend of change in the enthalpy of sorption with water activity. Sorption 
enthalpy values varied between –35 and –45 kJ/mol. In general, the average sorption 
enthalpy values of PCNL, estimated by both methods, was about –40 kJ/mol which is 
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very close to the heat of vaporization of water (–44 kJ/mol).[12] This is one of the 
indications to show that clustering of water exists in PCNL. 
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(b) PCNL 
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Figure 4.4. Sorption enthalpy in PLA and PCNL estimated by heat flow from HCC and by Van’t 
Hoff’s law. The dotted line at 44 kJ/mol indicates the heat of vaporization of pure water; (a) PLA, (b) 
PCNL. 
In the case of PLA, the water sorption enthalpy estimated by both the HCC 
technique and Van’t Hoff’s law fluctuated between –40 and –50 kJ/mol. Similar to 
the results found for the PCNL samples, there was not a clear trend of how sorption 
enthalpy value varied with water activity.  In both types of samples, water sorption 
enthalpy values obtained from the HCC method and Van’t Hoff’s law agreed well 
with each other. The result for both materials is consistent with the findings of 
Siparsky et al. and Yoon et al.[12, 13] PLA and PCNL samples showed an average 
enthalpy of sorption value in the vicinity of the heat of vaporization, which several 
researchers claim to be indicative of water clustering.[12, 13, 60, 61] 
4.4-3 Clustering of water by Zimm-Lundberg’s theory  
As discussed in the theoretical background section, the clustering function, 
which describes the extent of clustering in a system, is a function of the water activity 
and the volume fraction of water in polymer. The derivatives in the clustering 
function of equation 4.1 were calculated by regressing a third order polynomial fit of  
 1 1/a   versus  1  where 1a  and 1  indicate water activity and water volume 
fraction in the polymer-water system. Figure 4.5 shows values of clustering function 
at different activity levels in PLA and PCNL estimated from sorption isotherms 
shown in Figure 4.3. Each data point on Figure 4.5 is an average value of the 
clustering function at each activity from 3–4 different tested samples with the error 
bar indicating the maximum and minimum range of the data. Data at middle and high 
water activity values were also magnified to clearly observe the trend of how 
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clustering functions varied with activity. There is a general trend of rapidly increasing 
clustering function value with water activity at low activity levels. By Zimm-
Lundberg’s theory, water clusters form when the clustering function exceeds –1; so 
from the data in Figure 4.5, clustering of water started at an activity of approximately 
0.4. At higher activities, the clustering function continues to increase slowly. It was 
previously reported by other researchers that at higher humidity levels, the tendency 
of forming water clusters increased steadily.[61] It is also noticed that the magnified 
region on Figure 4.5 indicated a slight difference between clustering function in PLA 
and PCNL. In general, at the same activity level, clustering function is slightly higher 
in PCNL than in PLA, which infers that PCNL has a stronger tendency to form water 
clusters. Zimm-Lundberg’s theory, therefore, strongly predicts the formation of water 
clusters in both PLA and PCNL samples, which is consistent with results from the 
water sorption enthalpy measurements by different techniques. 
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Figure 4.5. Zimm-Lundberg’s clustering functions in PLA and PCNL measured at 35°C 
4.4-4 Clustering of water by ENSIC model 
Water clustering behavior in PLA and PCNL was also investigated by 
applying the ENSIC model that accounts for differences in the interaction between a 
sorbed water molecule and a previously sorbed water molecule or a polymer molecule. 
In equation 4.3, the two ENSIC parameters, ks and kp, represent water-water and 
water-polymer interaction, respectively; ks and kp were estimated from non-linear 
curve fits of the sorption isotherms. Table 4.1 shows ks and kp values measured at 
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35 °C for PLA and PCNL and Figures 4.6 and 4.7 compare the experimental water 
volume fractions to predictions from the ENSIC model for PLA and PCNL.  
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Figure 4.6. Sorption isotherm for water in PLA at 35°C. Data points are from QCM and curves are 
curve fits using ENSIC model. 
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Figure 4.7. Sorption isotherm for water in PCNL at 35°C. Data points are from QCM and curves are 
curve fits using ENSIC model. 
 
Materials ks kp ks/kp R2 
PLA 0.411±0.030 0.0082±0.0003 50.12 0.9989
PCNL 0.696±0.081 0.0074±0.0002 94.05 0.9989
Table 4.1. ENSIC parameters in PLA and PCNL measured at 35°C 
For both materials tested, the ks and kp values were the average fitting 
parameters from 3–4 different sorption experiments. Although the sorption isotherms 
presented in Figures 4.6 and 4.7 appear to be nearly linear, closer examination shows 
downward curvature at low activity and upward curvature at high activity. The 
ENSIC model provides a better curve fit to the range of data that is above 0.2 activity 
compared to Henry’s law. Figures A6.1 and A6.2 in Appendix 6 contain plots of the 
error between experimental measurements and predictions from the ENSIC model 
and Henry’s law constant at all activities; these results demonstrate that the ENSIC 
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model is a much better representation of the sorption isotherms in Figures 4.6 and 4.7 
than Henry’s law. 
According to the results shown in Table 4.1, the ks values are always much 
larger than kp values as illustrated by a ks/kp ratio of 50 in the case of PLA and 94 in 
the case of PCNL. This result indicates that, in both materials, a water molecule is 
more likely to absorb in the vicinity of previously sorbed water molecule and form 
clusters rather than to absorb on a polymer molecule, which is consistent with the 
results from the sorption enthalpy measurements and the clustering function 
calculations. Comparing the ratio of ks/kp in PLA and PCNL, the ratio is larger in 
PCNL than in PLA. In addition, from the Zimm-Lundberg’s theory, PCNL showed a 
stronger tendency to form clusters than PLA at high activities. Therefore, both 
theoretical models agreed well with each other. However, the water sorption enthalpy 
values of PLA and PCNL calculated from the Van’t Hoff’s method and thermal 
power signals are all in the vicinity of ~–44 kJ/mol and do not show a significant 
difference between two types of polymers. In other words, there is not enough 
evidence to strongly conclude that PCNL has a stronger tendency to form water 
clusters than PLA until further investigation is carried out. 
4.5. Conclusions 
Water sorption in synthesized PLA and PCNL containing 5 wt% of the 
hydrophobic backbone was studied by using the QCM/HCC method. Results show 
that equilibrium water sorption did not change significantly by synthesizing graft 
copolymer compared with homo PLA. Clustering behavior of water molecules in both 
materials was investigated. Specifically, water sorption enthalpy in PLA and PCNL 
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was measured at different water activity levels by applying the HCC method and 
Van’t Hoff’s law. Both methods show that the sorption enthalpy value is in the 
vicinity of -40 kJ/mol which is very close to the heat of vaporization of water (-44 
kJ/mol). This is a strong indication to show that water clustering exists in PLA and 
PCNL. [36] 
Two types of models were used to evaluate water clustering behavior in PLA 
and PCNL: Zimm-Lundberg’s theory and ENSIC sorption model. Zimm-Lundberg’s 
clustering theory in polymers was applied to theoretically calculate the clustering 
function in both types of samples over a wide range of water activity. In both PLA 
and PCNL, clustering behavior becomes dominant starting from a water activity level 
of approximately 0.4. In addition, the ENSIC model accounts for the affinity between 
a sorbed water molecule and previously sorbed water molecules or polymer 
molecules. For both PLA and PCNL, water molecules absorbing into the polymer 
show higher affinity for another water molecule than for a polymer molecule in the 
polymer-water matrix. Analysis by both models further supports the formation of 
water clusters in PLA and PCNL. This paper investigated the water clustering 
behavior in two types of materials, PLA and PCNL. All experimental techniques and 
theories used showed evidence of water clusters in both polymers. PCNL with the 
addition of 5 wt% of the rubbery backbone showed similar formation of water 
clusters as PLA. Water clustering is an important phenomenon in the study of 
moisture barrier properties of PLA since clustering can lower the water diffusivity in 
the polymer membrane. The study of water diffusion in PLA and PCNL is reported 
elsewhere.[67]  
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CHAPTER 5: WATER SORPTION IN POLYLACTIDE/MONTMORILLONITE 
NANOCOMPOSITES: THE EFFECT OF HEAT TREATMENT 
5.1. Introduction 
Many researchers have studied the gas transport properties in PLA and related 
them to the PLA morphologies. Drieskens et al. (2009) conducted a study of oxygen 
transport in PLA and found that solubility of oxygen in PLA increased with 
crystallinity.[56] Results showed an increase in the glass transition temperature of 
crystalline PLA compared to amorphous PLA. They hypothesized that a rigid 
amorphous domain possessing a lower density and higher glass transition temperature 
than the mobile amorphous domain was formed. Iannace et al. (1997) also studied the 
amorphous domain of the isothermally melt-crystallized PLA and reported a decrease 
in the rigid amorphous fraction at higher crystallization temperatures.[58]  
At the other hand, some researchers have tried to improve moisture barrier 
properties in PLA is by chemical or physical modifications such as varying molecular 
weight, end group composition, blending, coating, copolymerization, adding 
microparticles or nanoparticles, chemical surface reaction and plasma treatment.[14, 
28] Several attempts have been made to modify commercially-available PLA by 
making PLA composites filled with nanoparticles.[17-23] To date, the best 
improvement in moisture barrier properties of PLA is 60% which was achieved by 
Zenkiewizc et al. (2008) using montmorillonite nano-particles.[23] 
In this chapter, we reported the water sorption in commercial PLA synthesized 
from L,L-lactide (neat PLLA) and PLLA-montmorillonite composite (PLLA-MONT 
composite). PLLA-MONT composite was made by the solution-intercalation 
technique.[18] The effect of heat treatment on water sorption in neat PLLA and 
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PLLA-MONT composite via the change in glass transition temperature is discussed 
in this chapter. Various PLLA and PLLA-MONT composite films were prepared by 
different heat treatment conditions. Water sorption was measured by the QCM/HCC 
technique.  For each tested sample, a water sorption isotherm was generated and the 
Henry’s law constant was also calculated from each isotherm to directly compare 
water sorption in all PLLA and PLLA-MONT composite samples. Wide-angle X-ray 
diffractograms of neat PLLA, PLLA-MONT composites and as-received 
montmorillonite were obtained to determine the morphology of montmorillonite in 
PLLA-MONT composites. The change in glass transition temperature and isothermal 
crystallization kinetics in neat PLLA and PLLA-MONT composite films was 
investigated by the differential scanning calorimetry (DSC) technique. We have 
found that heat treatment condition can change the glass transition temperature of 
both PLLA and PLLA-MONT composite, which leads to a change in water sorption.  
5.2. Theoretical Background: Henry’s law of sorption 
In a given solvent, the Henry’s law constant for solute i, Hi, is defined as an 
infinite-dilution limit:[68] 
                                                              
0
lim
i
i
i x
i
fH
x
                            (5.1) 
where fi and xi are the fugacity and mole fraction of the solute, respectively.[69] In 
water-PLA system, Henry’s law constant can be used to represent a sorption isotherm 
and is defined as: 
      i
i
PH
x
                                                     (5.2) 
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where Pi is the water partial pressure in the gas, xi is the water mole fraction in the 
water-polymer matrix and H is the Henry’s law constant.  
Since water mole fraction in water-PLA system is very low,[13, 31] we can 
assume that mole fraction and activity are linearly related. Therefore: 
1 1 i
i
i i sat
Px a
P                                             (5.3) 
where a is the water activity, Pi and Psat are water partial pressure and vapor pressure 
at the experimental temperature, and 1/ i  is the slope of the sorption isotherm which 
was regressed to a zero y-intercept with water mole fraction on the y-axis and water 
activity on the x-axis. According to the generalized Raoult’s law: 
     i sat i iP P x                (5.4) 
where i  is the activity coefficient. In this case, i  is the reciprocal of the slope of 
sorption isotherm as described in equation 5.3.  
By combining equations 5.2-4, Henry’s law constant (H) can be calculated 
with higher values indicating lower water sorption and vice versa: 
     sat iH P                 (5.5) 
5.3. Experimental 
5.3-1 Materials 
Neat PLLA with a molecular weight of about 100,000 g/mol was 
commercially manufactured by NatureWorks and used as-received. The organically 
modified montmorillonite (MONT), Cloisite 30B was provided by Southern Clay 
Product Inc., Gonzales, TX and used as-received. The MONT was prepared by 
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modifying natural montmorillonite clays with a quaternary ammonium salt. The 
extent of modification (ionic exchange) in Cloisite 30B is 90meq/100g clay. Thermal 
gravimetric analysis (TGA) technique showed that the percentages of inorganic and 
organic materials in MONT are 75% and 25%, respectively.  
5.3-2 Sorption isotherm by the quartz crystal microbalance/heat conduction 
calorimeter (QCM/HCC) 
Sorption experiments were done by using the QCM/HCC with the procedures 
provided in Chapter 2, Section 2.2-3. A 5 wt % solution of neat PLLA was prepared 
in chloroform while a 3 wt% solution of PLLA-MONT composite was prepared by 
using dichloromethane. In case of PLLA composite, 3 wt% indicates the total weight 
percentage of PLLA and MONT in solution. The solution was coated onto a quartz 
crystal using a G3P-12 Spincoat from Specialty Coating System, Inc. The quartz 
crystal was immediately rotated on a Delrin spin chuck at 1500 rpm for neat PLLA 
and 1000 rpm for PLLA-MONT composite for 30 seconds. To determine the effect of 
heat treatment on water sorption, the crystal was dried in air at room temperature and 
heat treated according to the conditions provided in Tables 5.1 and 5.2. 
A sorption isotherm was constructed by plotting the (g water/g PLA) obtained 
from equation (5.5) on the y-axis and water activity on the x-axis. In order to 
calculate Henry’s law constant, each data point on the y-axis of the sorption isotherm 
was converted from mass ratio units (g water/g PLA) to mole fractions of water in 
PLA-water system. 
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5.3-3 Wide-angle X-ray scattering (WAXS) 
Wide–angle X-ray diffractograms (WAXD) of neat PLLA and PLLA-MONT 
composites were obtained by a Siemens D500 powder diffractometer using 1500 W 
Cu anode with a Ni filter to produce a Cukα monochromatic wavelength of 1.54 Å (40 
kV and 30 mA) in the 2θ range of 4 to 30º at a scanning speed of 0.3º/min. To 
minimize experimental errors, the same crystal coated with a sample film was used 
for obtaining both the sorption isotherm and the X-ray diffractogram. An X-ray 
diffractogram of as-received Cloisite 30B powder was also obtained. 
5.3-4 Differential scanning calorimetry (DSC) 
The change in glass transition state of neat PLLA and PLLA-MONT 
composite with different heat treatment conditions was studied on a TA-Instruments 
differential scanning calorimeter (DSC)-model Q2000 series under constant nitrogen 
flow. Neat PLLA samples were prepared by solution-casting method. Neat PLLA was 
dissolved in chloroform to form a 5 wt% solution which was cast on a petri-dish. The 
solution was dried at room temperature for 2 days followed by heating in a 
conventional oven at 70ºC overnight to completely evaporate the solvent. PLLA films 
obtained had a thickness of about 100 microns. PLLA-MONT composite samples 
were also prepared by the solution-casting method. Neat PLLA was dissolved in 
dichloromethane to form a 5 wt% solution. To produce a composite with 5 wt% of 
MONT and 95 wt% of PLLA, a suspension of MONT in dichloromethane was 
prepared. The PLLA solution and MONT suspension were stirred and sonicated 
separately before being stirred and sonicated together. The final mixture was cast on a 
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petri-dish and dried at room temperature over 2 days. Finally, the film was heated in a 
conventional oven at 70ºC overnight to sufficiently remove all the residual solvent. 
The PLLA-MONT composite films obtained had a thickness of about 100 microns. 
All the DSC samples weighed about 4-5 mg. As-cast samples were heated 
from room temperature to 200ºC and held there for 5 minutes before being cooled 
rapidly to 0ºC to remove any thermal history or crystallinity. After that, samples were 
heated up to the designated heat treatment temperature and held there for 30 minutes, 
except for the case of 90ºC and 95ºC where samples were held isothermally for 80 
minutes and 60 minutes, respectively. Finally, samples were cooled rapidly back to 
room temperature. The modulated differential scanning calorimetry (MDSC) 
technique was applied to detect the glass transition temperature of all samples after 
being isothermally crystallized at a designated temperature. MDSC data were 
recorded in the range of 0 ~ 200°C with a scanning rate of 5°C/min and the 
temperature profile was modulated with amplitude of ±2°C every 60 seconds. 
Crystallinity of tested neat PLLA and PLLA-MONT composite samples was 
determined by taking the ratio of the melting enthalpy of the semicrystalline polymer 
and that of 100% crystalline polymer. 93 J/g was used for the melting enthalpy of 
100% crystalline PLA.[11, 14] When calculating crystallinity of PLLA-MONT 
composite samples, the melting enthalpy of the overall sample was converted to the 
melting enthalpy of the neat PLLA by taking into account the 5 wt% of MONT. 
 
 
87 
 
5.4. Results and Discussions 
Neat PLLA and PLLA-MONT composite films were coated on a quartz 
crystal and heated in a conventional oven by the procedure provided in the 
experimental section. All films were heated according to the conditions listed in 
Tables 5.1 and 5.2. The same crystal coated with neat PLLA and PLLA-MONT 
composite was used for both sorption experiments and obtaining WAXS patterns.  
Heat treatment 
Henry's law constant (Pa) 
Neat PLLA 
PLLA-MONT 
Composite 
90ºC – 80 minutes 1510 ± 25 1193 ± 12
100ºC - 30 minutes 1464 ± 24  1123 ± 10
110ºC - 30 minutes 1255 ± 5 1098 ± 10
120ºC - 30 minutes 1178 ± 5 966 ± 8
130ºC - 30 minutes 1110 ± 7 976 ± 10
140ºC - 30 minutes 1110 ± 10 947 ± 9
Table 5.1. Henry’s law constants calculated from water sorption isotherms in neat PLLA and PLLA-
MONT composite 
 Neat PLLA PLLA Composite 
Heat treatment  Tg (oC) 
Melting Enthalpy 
(J/g PLLA) 
Crystallinity 
(%) Tg (oC)
Melting Enthalpy 
(J/g PLLA) 
Crystallinity 
(%) 
90oC – 80 minutes 64.0±0.5 37.6±0.5 36.7±0.5 61.4±0.5 46.0±0.5 40.4±0.5 
95oC – 60 minutes 64.3±0.3 34.5±0.7 33.6±0.8 61.4±0.3 44.6±0.7 42.0±0.7 
100oC - 30 minutes 64.2±0.2 32.4±0.9 34.1±1.0 62.7±0.4 34.8±0.3 34.5±0.3 
105oC - 30 minutes 64.6±0.1 33.8±0.7 35.5±0.8 60.5±0.5 37.3±0.6 35.0±0.6 
110oC - 30 minutes 62.4±0.5 34.2±0.3 36.8±0.3 60.7±0.2 36.0±0.7 38.7±0.7 
115oC - 30 minutes 62.6±0.5 34.2±0.5 36.8±0.5 59.8±0.1 38.6±0.3 41.5±0.3 
120oC - 30 minutes 62.1±0.3 34.4±0.9 37.0±1.0 57.8±0.6 39.2±0.6 42.1±0.6 
125oC - 30 minutes 60.1±0.5 42.6±0.8 45.8±0.7 58.4±0.5 44.0±0.4 47.3±0.4 
130oC - 30 minutes 59.7±0.5 43.4±0.9 46.7±1.0 58.1±0.3 47.4±0.9 50.9±0.9 
135oC - 30 minutes 59.2±0.2 44.1±0.2 47.4±0.2 56.4±0.5 47.8±0.8 51.4±0.8 
140oC - 30 minutes 59.2±0.4 44.4±0.3 47.7±0.2 56.3±0.3 47.6±1.0 51.2±1.0 
Table 5.2. Glass transition temperature and crystallinity of samples at different heat treatment 
conditions 
WAXS patterns were obtained for as-received Cloisite 30B (MONT), neat 
PLLA and PLLA-MONT composite films at different heat treatment conditions. 
Figure 5.1 shows scans of samples heat treated at 120ºC for 30 minutes. Three 
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different samples were used to obtain WAXS patterns and showed similar peak 
positions.  
 
Figure 5.1. WAXS patterns of as-received Cloisite 30B, neat PLLA and PLLA-MONT composite heat 
treated at 120ºC for 30 minutes  
As-received MONT powder showed a very high intensity peak at a 2  angle of 4.82º 
which is the main characteristic peak of MONT.[18] The main peaks of PLLA were 
obtained at a 2  angle of 16.7º and 19.1º which are characteristic peaks of crystalline 
PLA.[18, 21] PLLA-MONT composite sample showed the evidence of a small peak 
at 4.62º, which corresponds to the presence of MONT. According to the results 
shown in Figure 5.1, the main characteristic peak of MONT shifted from 4.82º to 
4.62º, which indicates a small increase in the interlayer spacing of MONT when 
presenting in PLLA-MONT composite. However, the shift is not large enough to 
conclude that the PLLA matrix was intercalated in between the layers of MONT. 
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Figure 5.2. Sorption isotherms in neat PLLA under different heat treatment conditions 
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Figure 5.3. Sorption isotherms in composite under different heat treatment conditions 
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 Figures 5.2 and 5.3 show the sorption isotherms of neat PLLA and PLLA-
MONT composite and Table 1.1 shows the Henry’s law constants for all tested 
samples at different heat treatment conditions. Each isotherm on Figures 5.2 and 5.3 
represents the average data collected from two to four different experiments. The 
error bars indicate the experimental error range and are relatively small. Sorption 
isotherms presented in Figures 5.2 and 5.3 show a slight curvature at low water 
activity. Henry’s law constant was determined by the procedure described in the 
theoretical background section. In other words, linear regression to sorption isotherm 
with zero y-intercept was carried out. By regression to zero y-intercept, the obtained 
slope accounted for the linear part of the curve with activity values between 0.2 and 
0.8. 
According to this result, water sorption isotherms in both neat PLLA and 
PLLA-MONT composite showed a trend of increasing sorption with an increase in 
heat treatment temperature. Typically, in neat PLLA, there is a 27% decrease in the 
Henry’s law constant from a sample that was heat treated at 90ºC for 80 minutes (H = 
1510 Pa) to a sample that was heat treated at 140ºC for 30 minutes (H = 1110 Pa) 
(smaller H indicates higher sorption by equation 5.5). In PLLA-MONT composite, 
this change in Henry’s law constant is about 21%. However, the trend of increasing 
water sorption with increasing heat treatment temperature applied mostly to samples 
crystallized at low heat treatment temperatures. Results from neat PLLA and PLLA-
MONT composite showed that when heat treatment temperature is above 120ºC, the 
change in sorption isotherms is insignificant. According to Drieskens et al. (2009) and 
Iannace et al. (1997), at low heat treatment temperature, crystallization produces a 
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large number of crystals of small size.[56, 58] The formation of a large amount of 
small crystals can impose the constraints on the amorphous region of the polymer, 
which leads to a reduction in mobility of molecular chains. Iannace et al. also 
suggested that when high molecular weight PLA is crystallized at low crystallization 
temperatures, a large number of molecular chains become a part of multiple different 
nuclei, i.e. many tie-chains exist between crystallites. Therefore, the molecular 
mobility will be hindered under these conditions.[58] 
We hypothesize that the mobility of polymer segments in the amorphous 
domain increases with heat treatment temperature. In order to test this hypothesis, 
DSC experiments were done on all tested samples of neat PLLA and PLLA-MONT 
composite under different heat treatment conditions. Glass transition temperature (Tg) 
of all samples was measured by using the procedure given in the experimental section. 
Table 5.2 shows the measured glass transition temperature and crystallinity of neat 
PLLA and PLLA-MONT composite samples crystallized at different temperatures.  
According to the data in Table 5.2, both neat PLLA and PLLA-MONT 
composite showed a trend of decreasing glass transition temperature with increasing 
heat treatment temperature. This decrease in Tg corresponds to an increase in mobility 
of the polymeric material in the amorphous domain because high Tg indicates low 
mobility and vice versa. Similarly, Wang et al. (2006) studied the change in the glass 
transition state of neat PLLA with cold- and melt-crystallization and reported that the 
Tg of either cold-or melt-crystallized PLLA generally decreased as the crystallization 
temperature increased.[4, 5] Iannace et al. (1997) studied the melt-crystallization of  
solution-cast PLLA and reported a change of Tg from 71ºC observed for a heat 
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treatment temperature of 90ºC to about 67ºC for a heat treatment temperature of 
130ºC. This is an indication that the mobility of polymeric material in the amorphous 
region is reduced at a low heat treatment temperature.[58]  
The data in Table 5.2 show that the variation in crystallinity of all samples is 
small and the smallest value of crystallinity occurs at 100-110ºC of heat treatment 
temperature. For all tested neat PLLA and PLLA-MONT composite samples, 
crystallinity varied between 34% and 51% under different heat treatment 
temperatures. There is a general trend of decreasing followed by increasing in 
crystallinity of neat PLLA and PLLA-MONT composite with heat treatment 
temperature. However, because of the similarity in crystallinity of all samples, we 
hypothesize that the difference in their water sorption was more dominated by the 
change in the mobility of polymer segments in the amorphous domain than by 
changes in crystallinity.  
Additional evidence for differences in mobility of polymer segments in the 
amorphous domain comes from a small exothermal phenomenon (shown in Figure 
5.4) observed before the endothermal melting peak. For both neat PLLA and PLLA-
MONT composite, an exothermal phenomenon occurs in samples heat treated below 
110ºC. Therefore, the area of the exothermic peak was subtracted from the melting 
enthalpy of these samples when crystallinity was calculated. For samples heat treated 
above 110ºC, no exothermal phenomena before the melting peak was observed, 
indicating that the polymer samples were highly crystallized. Similar results were also 
found by Wang et al. (2006) and Iannace et al. (1997).[4, 58] Figure 5.4 shows DSC 
scans of neat PLLA samples heat treated at 100ºC for 30 minutes with the presence of 
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the exothermal peak before the melting peak and at 120ºC for 30 minutes where the 
exothermal peak was not observed. 
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Figure 5.4. DSC scans of neat PLLA isothermally crystallized at 100ºC and 120ºC for 30 minutes 
We hypothesize that at these low heat treatment temperatures, the lamellar 
crystals are not well-developed due to the restricted mobility of the interconnecting 
chains between crystals. Therefore, when a DSC scan is performed, the increase in 
mobility gained by increasing temperature may result in a further crystallization just 
before the melting of the formed crystals, which can explain why the exothermal 
phenomena only occurred in samples crystallized at crystallization temperatures 
below 110ºC. Iannace et al. (1997) reported similar results from DSC scans of neat 
PLLA after the isothermal crystallization. DSC curves showed a smooth and 
continuous melting behavior for samples isothermally crystallized at a temperature 
between 110 and 135ºC while a small exothermal peak was observed for samples 
crystallized below 105ºC.[58] They hypothesized that at a low heat treatment 
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temperature, the so-called regime III of crystallization was observed. In regime III, 
the nucleation rate and crystal growth rate are much higher than the time needed for 
chain disentanglement because of the low chain mobility. Therefore, either the degree 
of crystal perfection or the maximum crystallinity attained is reduced by the low 
mobility of the interconnecting chains between crystals, which does not allow the 
growth of well-developed lamellar structures.[58] They also mentioned that similar 
phenomena were observed in other thermoplastic polymers, such as poly( thio- 1,4-
pheylene) (PPS) and poly( aryl ether ether ketone) (PEEK).[4, 58]   
In both cases of neat PLLA and PLLA-MONT composites, the trend of 
increasing mobility of the polymer chains in the amorphous fraction with increasing 
heat treatment temperature can explain the increase in water sorption isotherm. 
However, above a heat treatment temperature of 120ºC, the changes in the sorption 
isotherms of both neat PLLA and PLLA-MONT composites are negligible (as shown 
in Figures 5.2 and 5.3) even though the Tg continues to decrease. This result suggests 
that sorption isotherms of neat PLLA and PLLA-MONT composites are affected by 
another factor rather than the mobility of polymeric material in the amorphous 
domain. We therefore hypothesize that the crystallization rate is also correlated to the 
change in sorption isotherms of tested polymer and composite samples. 
To understand the crystallization behavior, DSC results of isothermal 
crystallization process were analyzed. Table 5.3 shows the tmax and tc values of each 
tested neat PLLA and PLLA-MONT composite sample at various heat treatment 
temperatures from 90ºC to 140ºC, where tmax represents the time to reach the 
maximum rate of crystallization, i.e, the maximum heat flow, and tc represents the 
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total crystallization time until there is no change in heat flow. To study the isothermal 
crystallization kinetics of neat PLLA and PLLA-MONT composites, the classic 
Avrami theory was applied:[70] 
1 – Xt = exp(-ktn)                                          (5.6) 
where Xt is the relative degree of crystallinity at certain time in the isothermal 
crystallization process, n is the Avrami exponent which is equal to the growth 
dimensionality plus one, and k is the Avrami parameter that depends on the 
nucleation and growth rate as well as the growing geometry of the crystalline phase.  
 Neat PLLA PLLA-MONT Composite 
Tc (ºC) tmax (s) tc (s) N K tmax (s) tc (s) n k 
90 1406 3688 2.34 3.20E-08 171.0 667 2.69 4.31E-07
95 642 1952 2.15 5.91E-07 84.0 641 2.46 6.18E-06
100 508 1276 2.24 6.02E-07 59.4 540 2.22 3.29E-05
105 364 1078 2.17 1.91E-06 42.6 430 2.28 7.81E-05
110 308 998 2.17 2.46E-06 30.6 319 2.08 2.94E-04
115 297 961 2.21 2.48E-06 21.6 304 1.93 8.53E-04
120 234 872 2.18 4.85E-06 24.0 286 1.85 1.50E-03
125 235 854 2.23 3.68E-06 12.6 255 1.78 2.47E-03
130 292 916 2.29 1.66E-06 10.8 348 1.63 3.51E-03
135 307 953 2.38 9.02E-07 9.6 403 1.72 3.02E-03
140 393 1174 2.39 4.35E-07 N/A N/A  N/A N/A 
Table 5.3. Parameters from Avrami kinetics of neat PLLA and PLLA-MONT composite at different 
heat treatment conditions 
Equation 5.6 can be fit to DSC data after taking the logarithm of both sides 
twice: 
 log(-ln(1-Xt)) = n log k + log t                         (5.7) 
Plots of log(-ln(1-Xt)) versus log t were generated for samples at all heat treatment 
conditions. n and k values were obtained from the slope and intercept of these curves 
and are shown in Table 5.3. Figure 5.5 shows sample plots of Xt versus heat treatment 
time of neat PLLA and PLLA-MONT composite heat treated at 100ºC and 120ºC. 
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Similar plots generated by Avrami parameters are almost identical to plots of raw 
data. 
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Figure 5.5. Avrami plots of neat PLLA and PLLA-MONT composites at heat treatment temperatures 
of 100ºC and 120ºC 
From Table 5.3, PLLA-MONT composite has a lower tmax and tc values than 
neat PLLA does, indicating that PLLA-MONT composite crystallizes faster than neat 
PLLA. The organically modified montmorillonite, Cloisite 30B, therefore acts as a 
nucleating agent. Day et al. (2006) also found that the nanocomposite samples always 
have a lower crystallization half time (t1/2) value than the neat PLLA polymer.[71] 
Similar results have also been found in other references.[18, 72, 73] Results from 
Table 5.3 also indicate that the crystallization rate in both neat PLLA and PLLA-
MONT composite increases rapidly with crystallization temperature until 120ºC. 
Above 120ºC, crystallization rate either decreased or increased very slowly. 
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Crystallization rate, i.e. the Avrami parameter k, depends both on nucleation rate and 
growth rate. As heat treatment temperature increases, both nucleation rate and growth 
rate increase, which leads to an increase in the overall crystallization rate. However, 
as heat treatment temperature goes beyond some point (in this case, ~120ºC), the 
nucleation rate starts to decrease. This is one explanation for the trend of increasing 
followed by decreasing crystallization rate of polymer and composite samples with 
heat treatment temperature.  
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Figure 5.6. Comparison of water sorption in neat PLLA and PLLA-MONT composite 
The changes in sorption, as quantified by the inverse of the Henry’s law 
constant, correlates with changes in the Avrami rate parameter, k. For heat treatment 
temperatures below 120ºC, k increases steadily and the Henry’s law constant, H, 
decreases steadily. Above 120ºC, the changes in both k and H are small compared to 
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those at lower heat treatment temperatures. In comparison, the glass transition 
temperature of the amorphous phase decreases continually with heat treatment 
temperature for the whole range of temperatures studied. 
In all of the sorption results, water sorption in PLLA-MONT composite is 
always higher than in neat PLLA under the same heat treatment condition. This is due 
to the presence of the hydroxyl (-OH) group in the organic component of MONT that 
can attract water molecules. The addition of 5 wt% of MONT into PLLA leads to an 
increase in water sorption by roughly 17-26%, depending on heat treatment condition. 
From Figure 5.6 and by comparing Henry’s law constants in Table 5.1, at a 
crystallization temperature of 90ºC, the water sorption level in PLLA-MONT 
composite is 26% higher than that in neat PLLA. DSC data also showed that PLLA-
MONT composite had a lower Tg than neat PLLA by applying the same heat 
treatment condition. This indicates that the mobility of polymer segments in the 
amorphous phase in PLLA-MONT composite is higher than that in neat PLLA. 
Figure 5.7 shows the plots of Henry’s law constant versus glass transition temperature 
in neat PLLA and PLLA-MONT composite samples. From this figure, a clear trend 
of increasing Henry’s law constant at higher glass transition temperature is obtained. 
Both curves have the same shape, except that the PLLA-MONT composite curve is 
shifted to higher sorption (lower Henry’s law constant) and higher mobility (lower Tg) 
than the neat PLLA curve. We hypothesize that the decrease in glass transition 
temperature in PLLA-MONT composite compared to neat PLLA under the same heat 
treatment condition might give PLLA-MONT composite more free volume. Together 
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with the presence of the hydroxyl (-OH) group, composite materials therefore can 
absorb more water than pure polymer. 
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Figure 5.7. Comparison of Henry’s law constant versus glass transition temperature in neat PLLA and 
PLLA-MONT composite 
5.5. Conclusions 
The study of water sorption in neat PLLA and PLLA-MONT composite with 
5 wt% of organically modified clay under different heat treatment conditions was 
conducted by using the QCM/HCC technique.  Neat PLLA and PLLA-MONT 
composite samples were heated at different temperatures between 90ºC and 140ºC. 
The crystallinity of all samples only varied in the range from 34% to 51%. However, 
between 90 ºC and 120ºC of heat treatment temperature, water sorption increased by 
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22% in neat PLLA and 19% in PLLA-MONT composite. For heat treatment 
temperatures above 120ºC, sorption isotherm did not change significantly.  
From DSC results, the glass transition temperature of both neat PLLA and 
PLLA-MONT composite decreased with increasing crystallization temperature, 
which indicates an increase in mobility of the polymeric material in the amorphous 
domain. Avrami theory was also applied to study the isothermal crystallization 
process at different heat treatment temperatures. Results showed that the 
crystallization rate increased rapidly with heat treatment temperature until 120ºC. 
Above 120ºC, crystallization rate either decreased or increased very slowly. This 
trend of change in crystallization kinetics together with the increase in the mobility of 
polymer segments in the amorphous domain correlated with water sorption results. 
Below 120ºC of heat treatment temperature, water sorption, crystallization rate and 
amorphous phase mobility in both neat PLLA and PLLA-MONT composite increased 
with heat treatment temperature. However, above 120ºC, water sorption and 
crystallization rate did not change significantly. Because montmorillonite is 
hydrophilic due to hydroxyl groups on the surface of clay platelets, the PLLA-MONT 
composites absorbed more moisture than neat PLLA.  
Figure 5.8 below summarizes the relationship between water sorption and 
glass transition temperature which is directly related to the mobility of the amorphous 
domain in neat PLLA and PLLA-MONT composites. In general, higher mobility of 
the amorphous domain (lower glass transition temperature) leads to higher water 
sorption. 
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Figure 5.8. The relationship between water sorption and mobility of the amorphous domain in neat 
PLLA and PLLA-MONT composites 
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CHAPTER 6: WATER PERMEATION IN 
POLYLACTIDE/MONTMORILLONITE COMPOSITES: EXPERIMENTAL VS. 
MODELING 
6.1. Introduction 
In the process of fabricating polymer composites, one of the most essential 
points is the compatibility between the polymer matrix and nanoparticles. Krikorian 
and Pochan (2003) suggested that depending on the extent of compatibility between 
the nanoparticles and the polymer matrix, either a microphase-separated (intercalated) 
or an exfoliated morphology can be obtained.[18] Furthermore, Ogata et al. (1997) 
obtained poly(L-lactide) (PLLA)-montmorillonite composites by solvent-casting 
method using chloroform as solvent.[19] From small and wide-angle X-ray scattering 
results, they found that the silicate layers forming the clay were not well dispersed in 
the PLLA matrix. Instead, the clay existed in tactoids which are the aggregation of 
several clay layers together.[19] Pluta et al. (2002) prepared PLA/clay 
nanocomposites with 3 wt% organomodified or sodium montmorillonite by melt-
blending technique.[20] Their results showed that good affinity and compatibility 
between organomodified clays and the PLA matrix was established in 
nanocomposites but not in microcomposites.  
Water vapor transport properties in PLA/montmorillonite nanocomposites 
were also studied by different researchers.[23, 57, 74] Gorrasi et al. (2004) studied 
water barrier properties in both intercalated and exfoliated PLA layered 
aluminosilicate nanocomposites.[74] Intercalated samples showed that at low 
activities, the amount of water sorption in composite samples increased with 
increasing the concentration of aluminosilicate. However, by comparing the amount 
of water sorption in neat PLA, intercalated and exfoliated nanocomposite samples, 
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the lowest water sorption was found in exfoliated nanocomposites. They therefore 
suggested that the exfoliation of the inorganic fillers in the continuous polymer phase 
plays a significant role in improving the moisture barrier properties in PLA.[74] 
Zenkiewicz et al. (2008) studied water permeabilities of nanocomposites containing 
PLA, montmorillonite nanofillers and two types of organic modifiers which are 
poly(methyl methacrylate) and ethylene/vinyl alcohol copolymer.[23] Results showed 
that the water permeability in samples containing 75 wt%, 5 wt% and 20 wt% of PLA, 
nanofillers and poly(methyl methacrylate), reduced 60% compared with pure 
PLA.[23] From all of these results, there is clearly a trend of improving moisture 
barrier properties in PLA by making PLA-montmorillonite nanocomposites if 
modified clay particles are well-dispersed into the polymer matrix.  
Several researchers also developed models to describe gas barrier properties in 
composite materials.[75-82] Gas barrier properties in composite materials depend on 
several factors, such as the concentration, shape and orientation of the fillers. The 
most classical model is the Maxwell model relating the effective permeability of the 
composite membrane to the permeability of the dispersed phase and the continuous 
phase as well as the volume fraction of the dispersed phase. However, Maxwell 
model is only applied to dilute suspension of spheres and does not take into account 
other shapes or orientation of the fillers.[78] A few different models describing gas 
barrier properties in composite materials have been also developed by taking into 
account the shape and orientation of the fillers. Details of these models are provided 
in the theoretical background section. The shape and orientation of fillers are key 
factors to improve the moisture barrier properties in polymer nanocomposites. 
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In this chapter, neat poly(L-lactide) (PLLA) and PLLA-montmorillonite 
(PLLA-MONT) nanocomposite films were prepared by melt-blending and 
compression-molding methods at different concentrations of MONT. Neat PLLA and 
PLLA-MONT composite samples were characterized by differential scanning 
calorimetry (DSC), thermal gravimetric analysis (TGA), wide-angle X-ray scattering 
(WAXD) and transmission electron microscopy (TEM) techniques. Water permeation 
experiments were also done on neat polymer and composite films at a constant 
temperature and relative humidity. Permeation experimental results were used to fit to 
different models that take into account the shape and orientation of MONT. From 
theoretical models, MONT’s geometrical shape and orientation were estimated and 
compared with results from WAXS and TEM. Compression-molded PLLA-MONT 
composite samples were also annealed at different heat treatment conditions in order 
to study the effect of heat treatment on water transport properties.  
6.2. Theoretical Background 
In general, the permeability in a composite system depends on several factors, 
such as: (1) the differences in the diffusivity and solubility of the dispersed and 
continuous phases, (2) the volume fraction of the dispersed phase, (3) the shape and 
arrangement of the dispersed phase which is directly related to its tortuosity, and (4) 
the effects of the inter-phase region between the continuous and the dispersed 
phase.[77, 80] In this paper, the effect of the inter-phase region is assumed to be 
negligible. The tortuosity factor ( ) is the ratio of the actual distance travelled by a 
penetrant to the shortest distance possible without the presence of the fillers. A 
common model that estimates permeability of a mixed matrix membrane (composite 
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membrane) which is an extension to the Maxwell model is the Maxwell-Wagner-
Sillars (MWS) model.[76, 78] The MWS model applies to a dilute dispersion of 
ellipsoids that are oriented along the axis of the flux direction. In the PLLA-MONT 
matrix, MONT is impermeable although MONT may absorb water on the surface. By 
assuming that the water permeability in MONT is approximately zero, the MWS 
model can be written as: 
                                                     
11
1 1
eff d d
c d
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P n
 
 
                                 (6.1) 
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n
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In equation (6.1), Pc, Peff and d indicate the permeability of the continuous phase, 
permeability of the overall composite membrane and the volume fraction of the filler 
or the dispersed phase, respectively. n is the shape factor whose value is between 0 
and 1. For prolate ellipsoid, n is between 0 and 1/3. For oblate ellipsoids, n is between 
1/3 and 1 while n = 1/3 becomes the special case of Maxwell model prediction for 
spherical filler particles.[76-80] 
An alternate model of permeability in composites containing sheet-like fillers 
was derived by Bharadwaj (2001).[75] In Bharadwaj’s model, the composite particles 
have dimensions of L x W where L and W represent the length and width of the 
particles. Bharadwaj’s model can be rearranged to the same form as the MWS model 
with the assumption that the water permeability in MONT particles is approximately 
zero.  
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L/W is the aspect ratio of the fillers and S is an order parameter defined as: 
                                                            21 3cos 12S                                             (6.5)                            
In equation (6.5),   is the angle between the direction of permeation and normal to 
the surface of the filler particles.[75] S can have any value between -1/2 and 1 
depending on the orientation of the filler. The ideal case for the best moisture barrier 
properties of the composites occurs when S =1 (perpendicular to the direction of 
permeation or planar arrangement of sheets).  
Therefore, the Bharadwaj and MWS models produce functionally equivalent 
models of permeability for composite systems in which the dispersed phase is 
impermeable. The parameter n can be interpreted as the degree of “oblateness” for 
ellipsoidal particles or as a function of the aspect ratio and orientation for sheet-like 
particles. In this paper, the permeation experimental results were used to fit to the 
model in equation (6.1) to determine the shape factor n. The tortuosity factor ( ) and 
the order parameter (S) were then determined based on the known aspect ratio L/W 
from TEM images. 
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6.3. Experimental 
6.3-1 Materials 
Neat PLLA from NatureWorks LLC. with a molecular weight of about 
100,000 g/mol was used as-received. Organically modified with a quaternary 
ammonium salt montmorillonite (MONT), Cloisite 30B, was provided by Southern 
Clay Product Inc., Gonzales, TX and used as-received.  
6.3-2 Sample Preparation and Characterization 
Neat PLLA pellets and MONT powder were dried in vacuum oven at 40°C for 
3 days prior to the melt-blending process. Melt mixing of neat PLLA and MONT was 
carried by a miniature batch mixer (MBM) adapted to a Haake Rheomix 600 and 
Rheocord 90. The target was to produce composites at 2, 5, 7 and 10 wt% of MONT. 
For each concentration, melt-blending was performed at 185-190°C for 4 minutes at a 
rotation speed of 30 rpm followed for another 4 minutes at 60 rpm. PLLA-MONT 
composite films of 500 microns in thickness were then prepared by compression-
molding process, followed by rapid cooling in water while keeping the sample under 
the pressure. Neat PLLA without the presence of MONT was also processed by the 
MBM under the same conditions for the purpose of comparison. To prepare annealed 
(semi-crystalline) samples, PLLA-MONT composite films were heat-treated in a 
conventional oven at different heat treatment conditions. Sample preparation was 
done by using the facilities at the Sundararaj’s laboratory (University of Calgary, 
Alberta, Canada). 
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Wide-angle X-ray scattering (WAXD)  
Wide–angle X-ray diffractograms (WAXD) of neat PLLA and PLLA-MONT 
composites were obtained by the procedures described in Chapter 5, Section 5.3-3. 
An X-ray diffractogram of as-received Cloisite 30B powder was also obtained. 
Transmission electron microscopy (TEM) 
One compression molded specimen of 5 wt% PLLA-MONT composite 
sample was ultra-cryomicrotomed to sections of ~70 nm at -40°C using a Leica EM 
UC6 and EM FC6 cryochamber located at the Sundararaj’s laboratory (University of 
Calgary, Alberta, Canada). TEM analysis of the nanocomposites was carried out from 
ultra-cryomicrotomed sample sections without staining on copper grids using a 
Tecnai F20 TEM at an accelerating voltage of 200 kV. TEM images were collected 
from different regions of three different sections. 
Differential scanning calorimetry (DSC) 
The glass transition, crystallization and melting temperatures of neat PLLA 
and PLLA-MONT composites with different concentrations of MONT were studied 
on a TA-Instruments differential scanning calorimeter (DSC)-model Q2000 series 
under constant nitrogen flow. All the DSC samples weighed about 4-5 mg. Tested 
samples were first heated from room temperature to 200ºC at 10°C/min and held at 
200°C for 2 minutes before being cooled to 0ºC to remove any thermal history or 
crystallinity. After that, samples were heated again to 200°C at a scanning rate of 
10°C/min in a second heating scan. The glass transition temperature of all samples 
was determined from the second heating scan while the crystallization and melting 
temperatures were determined from the first heating scan. Crystallinity of tested neat 
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PLLA and PLLA-MONT composite samples was determined by taking the ratio of 
the difference between the melting enthalpy and crystallizing enthalpy of the 
semicrystalline polymer to the theoretical melting enthalpy of 100% crystalline PLA. 
93 J/g was used for the melting enthalpy of 100% crystalline PLA:[11, 14]  
% 100%
93 /
melt crysH Hcrystallinity
J g
     
                            (6.6)         
For each concentration of MONT, at least 3 samples were tested and the reported 
DSC results are the average of all trials. 
Thermal gravimetric analysis (TGA) 
Thermal gravimetric analysis (TGA) was done on neat PLLA and PLLA-
MONT composite samples at different concentrations of MONT by using a TA-
Instruments thermal gravimetric analysis (TGA)-model Q50 series under constant 
nitrogen flow. For each tested sample, the temperature at which 95 wt% of the sample 
weight remains (5 wt% decomposition temperature) was determined to compare the 
thermal stability of PLLA-MONT composites at different concentrations of MONT. 
Water permeation experiments  
Permeation of water through neat PLLA and PLLA-MONT composite films 
was studied by an upright cup method in an environmental chamber with constant 
temperature and relative humidity.[83] 20 ml vials with open-top caps and Teflon-
lined septa with a 14-mm hole cut in the center of the septa were used. Membranes 
were cut into circles and placed inside the cap. Thickness was measured at 10-15 
different points on the membrane by a digital micrometer. Vials were filled with 10 
ml of water, covered by the cap with neat PLLA or PLLA-MONT composite 
membrane, and placed inside the environmental chamber. Vials were weighed every 
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24 hours to determine the mass loss with time. When the rate of mass loss stayed 
constant, i.e, changed less than 2% within 24 hours, permeability of water through the 
membrane was calculated by the following equation:[83]  
                                                         1 2
*
*
L VTRP
S P P
                                                 (6.7) 
where S is the saturation vapor pressure at the test temperature, P1 is the partial 
pressure or relative humidity on the entrance side, P2 is the partial pressure on the exit 
side, L is the sample thickness, and VTR is the vapor transfer rate per unit area. VTR is 
defined as the ratio of the weight of the penetrant and the product of time and cross-
sectional area. For all experiments reported in this study, the environmental chamber 
was kept under a temperature of 25oC and a relative humidity of 30% by using 
saturated salt solutions. 
6.4. Results and Discussion 
6.4-1 Morphological and thermal analysis  
Figure 6.1 shows WAXD patterns of the MONT powder, the neat PLLA and 
the compression-molded PLLA-MONT composite films at 5 wt% of MONT. Both 
neat PLLA and PLLA-MONT composite samples were nearly amorphous. There was 
only one small crystalline PLLA peak at around 17.3° in the PLLA-MONT composite 
sample while an amorphous hallow between 10 and 25° appeared in both neat PLLA 
and PLLA-MONT composite samples. MONT powder has two characteristic 
crystalline peaks: a high intensity primary peak at 4.8° corresponding to a d-spacing 
of 1.84 nm and a low intensity secondary peak at 9.6°corresponding to a d-spacing of 
0.92 nm. In the WAXD pattern of the PLLA-MONT composite sample, there is only 
one peak at 6.1° corresponding to a d-spacing of 1.45 nm. The disappearance of the 
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primary peak of MONT at 4.8° is presumably caused by the exfoliation of MONT 
platelets with good surface modification into the PLLA matrix. However, the 
secondary peak at 9.6° was shifted to 6.1°, which indicates that the polymer was also 
partially intercalated in between the layers of MONT platelets. The WAXD results 
therefore demonstrate that the structure of melt-blended PLLA-MONT composites 
was mostly exfoliation and partial intercalation. The intercalation of MONT platelets 
might also have come from a small portion of MONT particles that remained 
unmodified during the surface modification process. 
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Figure 6.1. WAXD pattern of MONT and PLLA-MONT composite at 5 wt% of MONT 
Figure 6.2 shows TEM images of PLLA-MONT composite film at 5 wt% of 
MONT. In these images, MONT platelets appear dark and are generally well-
dispersed although there is some segregation of the MONT platelets which indicates 
less dispersion in certain areas. The TEM and WAXD results are consistent because 
both show exfoliation of modified MONT platelets and a small portion of aggregates 
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which are presumably unmodified MONT platelets intercalated by the polymer. 
ImageJ software was used to estimate the dimensions of MONT platelets by 
analyzing the TEM images. The length (L) was found to be 92.3±13.3 nm while the 
width (W) was found to be 1.77±0.46 nm. The length (L) and width (W) values were 
averaged from at least 40 single platelets on each TEM image in Figure 6.2. 
   
   
Figure 6.2. TEM images of PLLA-MONT composite film with 5 wt% of MONT (Dimensions of 586.8 
x 586.8 nm) 
The glass transition temperature, crystallization temperature, melting 
temperature, 5 wt% decomposition temperature, crystallization enthalpy, melting 
enthalpy and percentage of crystallinity of neat PLLA and PLLA-MONT composite 
samples are recorded in Table 6.1. Tested samples without heat treatment have a very 
low crystallinity (less than 7%) or are nearly amorphous. This low crystallinity of 
tested samples was expected due to the fast water cooling process after the 
compression-molding process was performed. The glass transition temperatures of 
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PLLA did not change significantly with the presence of MONT particles. The 
crystallization temperature decreased with the increase in MONT concentration, 
which showed that MONT can act as a nucleating agent to enhance the crystallization 
process. The melting temperature showed a slight trend of decreasing with increasing 
MONT concentration.  
According to the 5 wt% decomposition temperature from TGA, the thermal 
properties of composite samples increased with increasing the concentration of 
MONT below a concentration of 5 wt%, indicating that MONT particles were well 
dispersed in the PLLA matrix. However, as the concentration of MONT went beyond 
5 wt%, the temperature of 5 wt% decomposition started to decrease. Specifically, the 
temperature of 5 wt% decomposition of composites at 7 and 10 wt% of MONT were 
found to be 330.7°C and 323.0°C, respectively. This result indicates that dispersing 
MONT particles in the polymer matrix became difficult at higher concentrations of 
MONT. Therefore, fabrication of composites at higher concentrations of MONT than 
10 wt% was not carried out in this research. 
MONT wt% Tg (°C) Tc (°C) Tm (°C) ∆Hcrys (J/g) ∆Hmelt (J/g) Crystallinity (%) 
5 wt% 
decomposition 
temperature (°C)
0 60.8 105.5 169.2 1.43 7.19 6.2 320.2 
2 60.3 101.3 169.0 31.1 37.1 6.5 329.5 
5 60.1 98.2 167.4 29.9 30.5 0.6 332.8 
7 60.4 97.1 168.2 31.4 34.1 2.9 330.7 
10 59.0 98.4 166.7 31.0 36.1 5.5 323.0 
Table 6.1. Thermal properties and crystallinity of neat PLLA and PLLA-MONT composite samples 
without heat treatment. Tc, Tm, ∆Hcrys, ∆Hmelt and crystallinity were calculated from the first heating 
cycles while Tg was calculated from the second heating cycle. 
 
 
114 
 
6.4-2 Permeation results 
Permeation experiments were carried out on neat PLLA and PLLA-MONT 
composite samples by the procedure described in the experimental section. In this 
section, all samples are nearly amorphous because they were quickly quenched after 
melt pressing without further heat treatment. Table 6.2 shows the water permeation 
rate of neat PLLA and PLLA-MONT composites at various MONT concentrations. 
MONT concentration was converted from wt% to volume fraction by using the 
density of PLLA and MONT provided by NatureWorks LLC and Southern Clay 
Products Inc. According to these results, the water permeability in PLLA-MONT 
composites reduced with increasing MONT concentration. At 5 wt% (0.032 volume 
fraction) and 10 wt% (0.065 volume fraction) of MONT, water permeation in PLLA-
MONT composite reduced about 19% and 34% compared with neat PLLA, 
respectively. The addition of MONT particles increases the tortuosity of the pathway 
for water molecules to pass through the polymer membrane. This result showed that 
the presence of MONT particles significantly improves the moisture barrier properties 
in PLA. At high concentrations (10 wt%) of MONT, the dispersion of clay particles 
into the PLLA matrix is more difficult and some aggregation of MONT particles was 
observed on the surface of the composite film. Therefore, to maintain good clay 
dispersion, melt-blending experiments were not carried out with concentrations 
higher than 10 wt% of MONT. The relationship between MONT concentration and 
water permeability in the composite membrane is not linear (see Figure 6.3). A 
combination of factors, such as the platelet orientation, aspect ratio and concentration 
of MONT particles in the polymer matrix affect the water permeation of the 
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composite membrane. The next sub-section applies theoretical models in analyzing 
the factors that affect the water permeability in PLLA-MONT composite samples. 
MONT weight % MONT volume fraction
Permeability 
10-10cm3 (STP).cm/cm2.s.Pa 
0 0.0000 6.34 ± 0.60 
2 0.0126 5.70 ± 0.52 
5 0.0319 5.17 ± 0.45 
7 0.0500 4.56 ± 0.43 
10 0.0651 4.21 ± 0.41 
Table 6.2. Water permeation in neat PLLA and PLLA-MONT composite samples without heat 
treatment at different concentrations of MONT 
6.4-3 Application of the Maxwell-Wagner-Sillars (MWS) and Bharawaj’s models 
Nonlinear regression of equation (6.1) to fit the data in Table 6.2 and Figure 
6.3 predicts a shape factor (n) of 0.87. By the MWS model, n = 0.87 indicates that 
MONT particles are of oblate ellipsoidal shape with high aspect ratio which 
corresponds to being fully exfoliated in the PLLA matrix. By Bharadwaj’s model, n = 
0.87 combined with the aspect ratio of L/W = 52.1 from TEM images produces an 
order parameter S of approximately -0.03, which corresponds to randomly-oriented 
platelets. By taking into account the uncertainties of L and W measurements from 
TEM images, the order parameter S ranges between -0.15 and 0.2. This result 
indicated that both models showed the same curve fitting results. From these 
parameters, the MWS provides information regarding the shape of the platelets while 
the Bharawaj’s model provides the information regarding the orientation of the 
platelets in the polymer matrix. The best moisture barrier properties are expected 
from an exfoliated dispersion of MONT in PLLA. From the TEM images in Figure 
6.2, at a concentration of 5 wt% of MONT, an exfoliated structure was observed. The 
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“flat-sheet-like” structure of MONT as a result of exfoliation also matched with a 
shape factor of 0.87 which indicates oblate ellipsoidal shape in the MWS model. 
Both the MWS and Bharawaj’s models are consistent in estimating the shape 
and orientation of the MONT platelets in the PLLA matrix which matches with the 
results from TEM images. The water permeability in a composite membrane depends 
on the platelet aspect ratio and orientation. High aspect ratio and random exfoliation 
are desired factors to improve the water barrier properties in PLLA-MONT 
composites. The ideal case for the best moisture barrier properties of the composites 
occurs when S =1 (  = 90°C or planar arrangement of sheets). Assuming that the 
aspect ratio L/W is fixed at 52.1, by orienting the platelets, it could be possible to 
increase the order parameter S to approximately one and achieve the best barrier 
properties. Comparisons between theoretical prediction and permeation experimental 
results corresponding to n = 0.87, L = 92.3 nm, W = 1.77 nm and S = 0 is shown in 
Figure 6.3. The ideal permeation achieve occurring with planar arrangement of sheets 
(S = 1 and n = 0.96), i.e, the platelets are aligned perpendicular to the direction of 
permeation, could lead to significant further reductions in permeability if the platelets 
 
 
117 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
0 0.02 0.04 0.06 0.08 0.1
Volume fraction
P e
ff/
P c
Experimental
Theoretical (n = 0.87)
Ideal Permeability (n = 0.96)
 
Figure 6.3. A comparison between water permeation experimental results versus theoretical predictions 
by MWS and Bharawaj’s models in PLLA-MONT composite samples 
6.4-4 The effect of heat treatment on water permeation of PLLA-MONT 
composites 
The previous section pertained only to water permeation in nearly amorphous 
composite samples. However, prior research showed that crystallinity affects water 
permeability in polymers.[8, 10, 55, 57, 69, 84, 85] Table 6.3 shows the change of 
water permeation and crystallinity of composites with 5 wt % MONT as a function of 
different heat treatment conditions. After compression-molding, these PLLA-MONT 
composite films were treated at different temperatures to create semi-crystalline films.  
C30B weight % Heat treatment 
Crystallinity (%) Permeability 
from DSC 10-10cm3 (STP).cm/cm2.s.Pa
5 No heat treatment 0.6 5.17 ± 0.52 
5 70°C - 12 hours 40.1 4.95 ± 0.50 
5 90°C - 1 hour 37.1 4.65 ± 0.47 
5 120°C - 1 hour 39.6 5.02 ± 0.50 
Table 6.3. Water permeation in PLLA-MONT composite sample with 5 wt% of MONT at different 
heat treatment conditions 
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For the three heat treatment regimes in Table 6.3, the samples exhibited 
similar crystallinity (between 37 and 40%). Similar results of crystallinity in 
composite samples prepared by the solvent-casting method were also shown in our 
previous publication.[57] Within the error range of the experiments, the difference 
between water permeability in heat-treated PLLA-MONT composite samples is 
insignificant. This result contradicts the common trend that gas permeability in semi-
crystalline polymers is lower than in amorphous polymers, a trend that is due to the 
impermeable crystallites increasing the tortuosity of the transport pathway for the gas 
molecules.[56] In the PLLA-MONT composite samples shown here, permeability is 
independent of the total percentage of crystallinity.  
6.4-5 Discussion of water permeability, solubility and diffusivity in neat PLLA 
and PLLA-MONT composites 
In chapter 5 and in one of our publications, the water sorption in neat PLLA 
and PLLA-MONT composites fabricated by the solution-casting method was 
explored.[57]  The results showed that at the same heat treatment condition, the 
amount of water sorption in PLLA-MONT composite was about 20% higher than that 
in neat PLLA partially due to the presence of the hydrophilic hydroxyl (OH) group in 
the organic modifier of MONT.[57] However, although the solubility of water 
increased, the data in Table 6.2 shows that the permeability of water in PLLA-MONT 
composite with 5 wt% of MONT is lower than that in neat PLLA. By assuming that 
the “solution-diffusion” model applies,[8, 69] permeability is a product of solubility 
and diffusivity (P = S × D where P, S and D stand for permeability, solubility and 
diffusivity, respectively). Because with the addition of 5 wt% of MONT particles in 
the PLLA matrix, the water sorption (solubility) increased 20% while the water 
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permeability decreased 20%, it can be inferred that the diffusion decreased by about 
33%. This result is consistent with the presence of MONT platelets that can increase 
the tortuosity of the pathway for water molecules travelling through the membrane. 
The change in water permeability by varying heat treatment conditions 
observed for composite PLA in this paper is small compared with the change in water 
sorption for composite PLA fabricated by the solution-casting method. Specifically, 
as reported in chapter 5 and our previous publication, water sorption in PLLA-MONT 
composites with 5 wt% of MONT increased with heat treatment temperature until 
120°C. Above 120°C, the change in water sorption became negligible. At an 
optimized heat treatment temperature of 90°C, the water sorption reduced 25% 
compared with other heat treatment conditions.[57] By the assumption of the 
solution-diffusion model,[8, 69] these results indicate that the diffusion process in 
PLLA-MONT composites increases with heat treatment temperature until reaching a 
saturated level. 
6.5. Conclusions 
PLLA-MONT composite films at different concentrations of MONT were 
fabricated by melt-blending and compression molding. Permeability measurements 
show that the water permeation in PLLA-MONT composites decreases with 
increasing concentration of MONT. At a concentration of 10 wt% of MONT, the 
water permeation in composites is about 34% less than in neat polymer. WAXS and 
TEM results indicate that most of the MONT particles are generally well-dispersed 
and randomly exfoliated. TEM images also show that MONT platelets have high 
aspect ratios and random orientation. DSC results show that the Tg and Tm are 
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somewhat insensitive to the concentration of MONT while Tc has a decreasing trend 
at higher concentrations of MONT.  
The permeation results were regressed to a model for permeability of 
composites that produced a shape factor of n = 0.87. This shape factor corresponds to 
high aspect ratio particles with random orientation. The permeation results are 
consistent with highly-exfoliated clay particles as observed in TEM and WAXD. In 
conclusion, fabricating PLLA nanocomposites with montmorillonite increases the 
amount of water sorption but decreases the rate of water permeation in PLLA. By the 
solution-diffusion model, the effective diffusion coefficient of water in composites is 
much lower than that in neat PLLA due to the increased tortuosity caused by the 
presence of clay platelets.  
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CHAPTER 7: SURFACE MODIFICATION OF MONTMORILLONITE BY 
OLEIC ACID COATING 
7.1. Background and experimental 
7.1-1 Background information and motivation 
In the previous chapter, it was shown that the commercial montmorillonite 
(MONT) were not fully surface-modified. It was shown from TEM analysis of 
PLLA-MONT nanocomposites that a small portion of MONT particles were still 
aggregated together, which indicates poor dispersion in some certain areas. From 
WAXD results, the structure of MONT in the polymer matrix was also found to be 
mostly exfoliated due to the presence of the modified portion of MONT particles and 
partially intercalated due to the presence of the unmodified portion of MONT 
particles. It has become crucial that the surface modification of MONT has to be done 
in a more complete way in order to fully exfoliated PLLA-MONT nanocomposite 
samples for better water barrier properties. Surface modification of MONT therefore 
has to be done in commercial MONT by coating with another organic substance in 
order to improve the compatibility of the nanoclays and the polymer matrix. 
It is generally known that inorganic materials such as clays do not have a good 
interaction with organic polymers to achieve a good dispersion. Surface modification 
has been used as a tool to improve the interaction between the clay surface and the 
polymer matrix.[86] The clay surface has to be modified from hydrophilic to 
hydrophobic state to reduce the physical or electrostatic bonding force of clay 
interlayer. It will then lead to the formation of nanocomposites and the exfoliated 
structure of clays.[86] Organic coating on the clay surface has become a common and 
efficient method to improve the dispersion of clays. Khalil et al. (2002) performed the 
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surface coating of montmorillonite-based filler clay with stearic and oleic acids.[87] 
From the adsorption isotherm, it was shown that a monolayer on the clay surface at a 
lower concentration of the acids was formed. At higher concentration of the acids, 
multilayers were found on the clay surface. XRD analysis also indicated no 
intercalation of the acids in between the clay layers.[87] It was then concluded that 
the adsorption of both acids enhanced the dispersion of the clay particles in organic or 
polymeric environment. Therefore, the choice of organic substances for clay surface 
coating became essential in improving the compatibility of the clay and the polymer 
matrix. In this chapter, oleic acid was chosen to be the surface modifier for the 
commercial montmorillonite. 
7.1-2 Materials 
The specific type of MONT used in this study is conventional Cloisite 25A 
(C25A) provided by Southern Clay Product Inc., Gonzales, TX. The MONT was 
prepared by modifying natural montmorillonite clays with a quaternary ammonium 
salt. The extent of modification (ionic exchange) in conventional C25A is 
95meq/100g clay. Thermal gravimetric analysis (TGA) technique showed that the 
percentages of inorganic and organic materials in this type of MONT are 67% and 
33%, respectively. Figure 7.1 shows the structure of the organic modified used in 
C25A. The anion used is methyl sulfate. 
 
 
Figure 7.1. Organic modifier in conventional Cloisite 25A (C25A) 
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To make modified C25A coated by oleic acid, 2 grams of conventional C25A 
was mixed in 25 ml of oleic acid at 60°C for one hour in the presence of excess distill 
water. At the end of the mixing process, the precipitation was collected and washed 
with ethanol several times to remove all the excess oleic acid. The remained sample 
was dried in a vacuum oven at 60°C over night before modified C25A was obtained. 
Figure 7.2 shows the mechanism of the oleic acid coating process. Oleic acid has a 
hydrophobic chain which is compatible with the polymer matrix and a hydrophilic 
end group which is compatible with the clay surface. 
 
Figure 7.2. Mechanism of oleic acid coating process onto the surface of conventional C25A 
7.1-3 Sample preparation 
 
PLLA-modified C25A composite samples were prepared by the solution-
casting method. The fabricating procedure was similar to that described in Chapter 5, 
Section 5.2-4. Different concentrations of modified C25A were used, such as 1, 2, 5, 
7 and 10 wt%. 
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7.1-4 Characterization of samples 
 
Characterization experiments were done on PLLA-modified C25A by DSC 
and WAXD via the same procedure as described in section Chapter 6, Section 6.3-2.  
7.1-5 Water permeation experiments 
 
Water permeation experiments were performed on PLLA-modified C25A 
composite samples via the same procedure as described in Chapter 6, Section 6.3-2. 
7.2. Results and discussions 
7.2-1 WAXD results 
Figure 7.3 shows WAXD results of PLLA-modified C25A composite samples 
with 5 wt% and 10 wt% of modified C25A and PLLA-conventional C25A composite 
sample with 5 wt% of conventional C25A for the purpose of comparison. Two peaks 
on the PLLA-conventional C25A sample at 22.5° and 24° are not from either PLA or 
clays (Chapter 2). The secondary peak of C25A in the composite sample with 5 wt% 
of modified C25A was almost invisible, which indicates a good dispersion and 
exfoliation of modified C25A into the PLLA matrix. However, at a higher 
concentration of modified C25A (such as 10 wt%), the characteristic peak of C25A 
was more visible because high concentration of C25A made it more difficult for 
C25A particles to well disperse into the PLLA matrix. The presence of oleic acid on 
the surface of modified C25A clearly improved the dispersion of C25A compared to 
commercial C25A. Generally, a higher concentration than 10 wt% clays of was not 
desirable due to the difficulty in dispersing the particles into the PLLA matrix. 
Specifically, at a concentration of 10 wt% of modified C25A, the composite films 
became more brittle and started losing the transparency. 
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Figure 7.3. WAXD results of PLLA-modified C25A and PLLA-conventional C25A composites; (a) 5 
wt% of modified C25A and 5 wt% of conventional C25A, (b) 10 wt% of modified C25A 
 
7.2-2 DSC results 
 
Table 7.1 shows the DSC results of PLLA-modified C25A at different 
concentrations of modified C25A. Transition temperatures such as Tg and Tm were 
fairly independent of modified C25A concentration in the PLLA matrix. However, 
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the crystallization temperature, Tc, decreased with increasing concentration of 
modified C25A. This is an indication that modified C25A acts as nucleating agents. 
Crystallinity of all samples was in the range from 30% to 36%, which also indicated a 
good dispersion of modified C25A. In other words, the use of oleic acid in surface 
modification of C25A improved the dispersion of C25A, which was demonstrated by 
DSC and WAXD results. 
wt% of modified 
C25A Tg (°C) Tc (°C) Tm (°C) Crystallinity (%)
1 60.1 121.2 165.9 36.0 
2 60.8 122.6 167.2 30.8 
5 59.3 119.0 165.3 33.3 
7 59.3 118.1 166.3 32.9 
10 59.1 114.8 166.0 32.1 
 
Table 7.1. DSC results of PLLA-modified C25A at different concentrations of modified C25A. 
Scanning rate = 10°C/min. Tc and Tm were recorded from the first heating cycle and Tg was recorded 
from the second heating cycle. 
7.2-3 Water permeation experimental results and application of percolation 
theory 
Water permeability in PLLA-modified C25A composites were measured at a 
constant relative humidity of 30% and temperature of 25°C and reported in Figure 7.4. 
In addition, water permeability in PLLA-conventional C25A composites was also 
plotted to compare with that in PLLA-modified C25A composites. According to the 
results in Figure 7.4, the coating of oleic acid on the surface of the clays improved the 
dispersion of clays into the polymer matrix, which led to further improvement in 
water barrier properties. In addition, water permeability in the PLLA-modified C25A 
composite dropped 21% with the addition of 2 wt% of modified C25A compared to 
neat PLLA. As concentration of modified C25A increased, the water permeability 
127 
 
continued dropping down but with a much slower rate. Specifically, even when the 
modified C25A concentration approached 10 wt%, the water permeability of the 
composite only dropped down 33% compared to neat PLLA. In other words, by 
increasing the concentration of modified C25A from 2 wt% to 10 wt%, the water 
permeability only reduced 13% more. This result therefore suggested that there might 
be a “threshold” concentration of modified C25A where water permeability could be 
improved drastically. 
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Figure 7.4. Water permeation in PLLA-modified C25A at different concentrations of modified C25A 
Percolation and renormalization group (RG) theory was developed based on 
the idea of Kadanoff cell containing elements that can act as a barrier at each corner 
of the cell.[50, 88] The probability that a cell can act as a barrier depends on the 
probability p that an element in the cell can act as a barrier. Lu et al. (2005) proposed 
that p is a function of the aspect ratio and orientation of the nanoparticle when good 
dispersion is achieved.[88] At the critical point, the percolation threshold of 
nanoparticle content can be calculated by: 
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3
2 1c c
W p
S L
                  (7.1)    
where pc = 0.718 in terms of the RG model,[50] S is the orientation parameter, and L 
and W are the length and width of the clay platelet as described in the Bharawaj’s 
model of Chapter 6, Section 6.2-2. 
In this case, modified C25A was shown to be well dispersed in the PLLA 
matrix by the results from WAXS and DSC. Therefore, by using the percolation 
theory via equation (7.1), the “threshold” volume fraction was calculated to be 0.0108 
by using an S value of 0 (random exfoliation). From the experimental result, in the 
vicinity of 2 wt% of modified C25A concentration, the water permeability reduced 
drastically. At higher concentrations of modified C25A, the water permeability still 
continued decreasing but seemed approaching a more stable value. Therefore, a 
threshold or critical point of modified C25A concentration is expected to be in the 
vicinity of 2 wt% or 0.013 volume fraction. This result matches with the theoretical 
prediction that the “threshold” volume fraction is 0.0108. Some other researchers also 
found similar results in polyester-clay nanocomposites where “threshold” volume 
fraction estimated from percolation theory matched with experimental results.[51, 88]  
7.3. Conclusions 
Surface modification of conventional MONT (C25A) by coating with oleic 
acid improved the dispersion of C25A particles in the PLLA matrix. With a good 
dispersion and close-to-exfoliated structure, the water permeability of PLLA-
modified C25A composites reduced significantly compared to the neat PLLA. The 
results also matched with the prediction of percolation theory in terms of a critical 
volume fraction of modified C25A that can reduce the permeability drastically. The 
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estimation of the critical volume fraction is very important in improving the moisture 
barrier properties of the composites. With the goal to improve moisture barrier 
properties of neat PLLA by fabricating nanocomposites with as minimal amount of 
inorganic additives as possible, determining the critical concentration of modified 
C25A can guide us in choosing the optimized composition of PLLA-MONT 
composite. [36] 
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CHAPTER 8: CONCLUSIONS AND FUTURE DIRECTIONS 
8.1. Concluding remarks 
In this dissertation, the effects of many factors on water sorption properties in 
PLA have been investigated, including: varying molecular weight, stereochemistry, 
end group composition, graft copolymerization with hydrophobic rubber and 
fabricating nanocomposites. The factors studied are summarized in Table 1.1. Graft 
copolymerization causes a negligible change in the amount of water sorption and 
exhibited similar evidence for the presence of water clusters with homo PLA. In 
addition, water sorption is affected by molecular weight, stereochemistry, end group 
compositions and fabricating nanocomposites. Heat treatment of PLA generates 
different morphologies and crystallinities and therefore plays an important role in 
determining the level of water sorption in PLA. Table 8.1 below shows a brief 
summary of how water sorption changes in several key samples. Each sorption 
isotherm is represented by a “solubility” which is the slope of the linear portion of the 
isotherm with (g water/g PLA) on the y axis and water activity on the x-axis. The % 
deviation indicates how much solubility of a sample deviates from solubility of the 
standard commercial amorphous PLA (PDLLA100k) which is an average value at 
three heat treatment conditions (0.007 g water/g PLA). Table 8.2 shows the 
permeability of some key samples, including the PLA-montmorillonite 
nanocomposites. 
 
 
 
 
131 
 
Sample Heat treatment % crystallinity Solubility x 10000 % Deviation
PDLLA10k 70 70°C - 12 hours 0 106 19.10%
PDLLA10k 120 120°C - 5 minutes 0 102 14.61%
PDLLA10k 160 160°C - 5 minutes 0 104 16.85%
PDLLA100k 70 70°C - 12 hours 0 90 1.12%
PDLLA100k 120 120°C - 5 minutes 0 88 -1.12%
PDLLA100k 160 160°C - 5 minutes 0 89 0.00%
PLLA10k 70 70°C - 12 hours 33 62 -30.34%
PLLA10k 120 120°C - 5 minutes 40 74 -16.85%
PLLA10k 170 170°C - 5 minutes 70 101 13.48%
PLLA100k 70 70°C - 12 hours 15 79 -11.24%
PLLA100k 90 90°C - 80 minutes 37 64 -28.09%
PLLA100k 120 120°C - 5 minutes 50 84 -5.62%
PLLA100k 170 170°C - 5 minutes 15 85 -4.49%
P-PLLA10k-A 120 120°C - 5 minutes 15 39 -56.18%
P-PLLA10k-A 160 160°C - 5 minutes 53 51 -42.70%
P-PLLA10k-A 170 170°C - 5 minutes 70 77 -13.48%
P-PLLA90k-A 70 70°C - 12 hours 40 45 -49.44%
P-PLLA90k-A 180 180°C - 5 minutes 70 74 -16.85%
Graft PDLLA 140 140°C - 5 minutes 0 80 -10.11%
PLLA100k - 5% MONT 90 90°C - 80 minutes 40 78 -12.36%
PLLA100k - 5% MONT 120 120°C – 30 minutes 42 102 14.61%
 
Table 8.1. Summary of sorption results in PLAs by varying molecular weight, stereochemistry and end 
group composition 
Sample Heat treatment Permeability % deviation (x1010 cm3 (STP).cm/cm2.s.Pa) 
PDLLA100k 70°C - 12 hours 3.40 0.00%
PLLA100k 70°C - 12 hours 3.44 1.18%
Homo PLA 70°C - 12 hours 3.49 2.65%
Graft PLA 70°C - 12 hours 3.53 3.82%
PLLA100k-C30B (5 wt%) 70°C - 12 hours 2.75 -19.12%
PLLA100k-C30B (5 wt%) 90°C - 80 minutes 1.98 -41.76%
PLLA100k-C30B (10 wt%) 70°C - 12 hours 2.23 -34.41%
Table 8.2. Summary of permeation results in key samples, including nanocomposite samples at 
different heat treatments and concentrations of montmorillonite 
Water sorption is a complex function of morphology, crystallinity, molecular 
weight and stereochemistry. In low molecular weight PLA, modifying the PLA 
polymer molecules with hydrophobic end groups reduces the amount of water 
sorption significantly. A combination of end-group modification, low molecular 
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weight and optimal heat treatment conditions provides the lowest water sorption. 
Specifically, P-PLLA10k-A heat treated at 120°C absorbs ~50% less than 
commercial semi-crystalline PLLA at the same heat treatment condition. Molecular 
weight has a direct effect on the amount of water sorption in PLA. PDLLA10k in 
general absorbs 15%-17% more water than PDLLA100k does, presumably caused by 
the reduced concentration of hydrophilic end groups in high molecular weight PLA. 
The effect of hydrophobic end-groups on water sorption is also clearly shown in P-
PLLA10k-A samples compared with standard PLLA10k samples. Under the same 
heat treatment condition, P-PLLA10k-A always absorbs about 25-30% less than 
PLLA10k does. This result is significant in providing a prediction on how water 
sorption in PLA can be changed by applying different factors such as changing 
molecular weight or end-group composition.  
Fabricating PLLA-nanoclay composites increases the water sorption in PLLA 
due to the presence of the hydroxyl groups on the structure of nanoclays and the high 
mobility of the amorphous domain. However, the water permeability in PLLA-
nanoclay composites decreases significantly (34% reduction at 10 wt% of nanoclays). 
This is a strong evidence to show that diffusion is much slower in composite samples 
compared to neat PLLA samples. Therefore, nanoclays play an important role as 
barriers to diffusion. Furthermore, with the surface modification of nanoclays by 
oleic-acid coating, the dispersion of nanoclays in the polymer matrix improves 
significantly, which leads to further reductions in water permeation as shown in 
solution-cast samples.  Therefore, the good dispersion and alignment of nanoclays are 
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key factors in determining the moisture barrier properties of the composite 
membranes. 
The outcomes of this dissertation work therefore provide guidelines about 
how to design a polylactide system that can maximize the water barrier properties. 
Using hydrophobic end groups with an optimal morphology by heat treatment can 
bring the amount of water sorption down by as much as 56% compared to the 
commercially available PLA. However, one of the important requirements is to 
maintain other physical and mechanical properties of PLA in order for the product to 
be commercialized. PLA nanocomposites therefore become a strong candidate in 
improving the moisture barrier properties in PLA. The concentration of inorganic 
fillers in the matrix, however, has to be maintained at a level of less than 10 wt% to 
prevent a loss of other physical properties of the polymer.  
2. Future directions 
It was shown in Chapter 7 that the surface modification of nanoclays plays an 
important role in improving the water barrier properties in PLA and in Chapter 6 it 
was shown that melt blending improves dispersion of nanoclays. However, the 
permeation tests with modified nanoclays in Chapter 7 were done only on solution-
cast samples. Melt-blending of modified nanoclays should be performed in order to 
compare barrier properties with samples prepared by solution-casting. Melt-blending 
process is the standard process used in industry to fabricate polymer nanocomposites, 
so melt blending is more relevant for preparing samples with properties similar to 
those that would be produced industrially.   
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In this dissertation, different theoretical models were applied to study the 
water permeation in PLLA-MONT nanocomposites and compare with the 
experimental results. However, all of the models used only consider the existence of 
two phases: the polymer matrix and the disperse phase (fillers of nanoclays). 
Therefore, a three-phase permeation model that takes into account the presence of the 
interface region with a reduced water permeability compared with neat PLLA can be 
developed based on the existing two-phase model. Upon the completion of the model 
development, experimental results will be used to fit to the model in order to obtain 
the shape and orientation of clay platelets and compare with experimental results 
from characterization studies. The three-phase model, therefore, is expected to 
describe the permeation results and theoretical prediction of the clay orientation more 
accurately than the two-phase models used in this dissertation. 
This dissertation explored different factors from molecular variations to 
morphological variations and investigated how they affect water barrier properties in 
PLA and PLA derivatives. It is recommended that the synthesis of end-capped PLA 
by using hydrophobic end-groups is extremely important in improving barrier 
properties. In the next generation of end-capped PLA, high molecular weight samples 
that are comparable to commercial grades of standard PLA can be synthesized. 
However, the molecular weight should be kept at a right level in order to see a clear 
effect of the hydrophobic end groups. Another direction of modifying PLA is to 
fabricate nanocomposites of PLA and montmorillonite with good surface 
modification. The concentration of nanoparticles needs to be kept below 10 wt% to 
maintain good mechanical, thermal and optical properties of the composites. The 
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choice of heat treatment temperature is also critical in determining water barrier 
properties in PLA derivatives. A heat treatment temperature in the vicinity of 90ºC 
creates tie-chains between crystallites, which reduces the mobility of the amorphous 
domain. As a consequence, water permeation and sorption are also reduced. In 
conclusion, a combination of fabricating nanocomposites by using 5-10 wt% of 
surface-modified clay particles and synthesizing end-capped PLA with the choice of 
heat treatment temperature in the range of 90ºC to 120ºC will lead to better water 
barrier properties of the materials. When fabricating nanocomposites of PLA, one of 
the key factors to obtain excellent barrier properties is to achieve full exfoliation of 
particles that are aligned absolutely perpendicular to the permeation direction. A 
twin-screw extruder can be used as a standard method in industry in order to obtain 
the correct orientation. 
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APPENDIX 1: RAW QCM/HCC DATA 
 
The below figure shows raw QCM data from a sorption experiment with time 
(second) on the x-axis, water activity on the y-axis and frequency change on the 
secondary y-axis.  
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Figure A1.1. Raw activity and frequency data of PLLA sample heat treated at 110°C for 30 minutes 
from the QCM/HCC 
 
The equilibrium time for the sorption process was taken to be one hour for 
small activity steps and two hours for high activity steps. Data were recorded from 
the QCM/HCC instrument every 12 seconds. To obtain the equilibrium activity and 
frequency for each step, the average value of the last 50 data points on that step was 
calculated.  
The QCM/HCC is an instrument providing high sensitivity in studying water 
transport in polymers. Mass change can be measured up to ± 2 ng/cm2. The same 
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sample was used throughout the whole experiment for all activity steps. The same 
experiment was repeated at least twice on each sample. Similar results were found 
because of the high sensitivity and accuracy of the equipment. In addition, each 
sorption isotherm in this dissertation is the average data from two to four different 
experiments on different samples.  
To learn more about the QCM/HCC manufactured by Masscal Scientific 
Instruments, readers can refer to published technical papers that are available on the 
company’s website:  
http://www.masscal.com/library.asp 
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APPENDIX 2: VALIDATION OF THE SAUERBREY’S EQUATION 
 
Several researchers have investigated on the validity of the Sauerbrey’s 
equation.[30-33] It was shown by Vogt et al. (2004) that the simple form of the 
Sauerbrey’s equation can lead to errors if the change in dissipation energy is not taken 
into account.[32] According to these authors, the frequency and energy dissipation 
changes can be related to the film density, viscoelastic properties and the film 
thickness used. They cited the work of Voinova and co-workers where the 
Sauerbrey’s equation is modified to account for these factors.[33] 
 
2
2 2
1 21
2 3 1q q
hf h f
h
  
                                         (A2.1) 
nf
 
                                                                                (A2.2) 
            
 2
f
                                                                           (A2.3)
                      
where q  and  are the density of the quartz and film, hq and h are the thickness of 
the quartz and film, f is the measured frequency, χ is the ratio of the storage modulus 
(μ) and the loss modulus (η) and δ is the penetration depth.           
From equation A2.1, the simple form of the Sauerbrey’s equation where the 
change in frequency is proportional to the change in mass load is valid under the 
following condition: 
       
2
2 2
2
3 1
h 
  <<1 
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which is valid if either 2 >>1 or  
2
2
2
3
h 
 <<1 is true. 
PLA is a glassy polymer, in which we expect the relaxation time is relatively 
small compared to the oscillation time. Therefore, χ2 is expected to be much larger 
than 1. The problem here becomes how to evaluate the penetration depth δ. 
Sharp et al. (2001) mentioned that if the film thickness is smaller than the 
penetration depth, it is revealed that the whole system is being probed by the shear 
wave.[31] In this case, the Sauerbrey’s equation is valid.[31] They referred to the 
work of Rodahl et al. (1997) that the penetration depth can be calculated by the 
following formula:[30] 
2 f
f
                       (A2.4) 
where f and f are the viscosity and density of the polymer coated on the surface of 
the crystal and is the angular frequency of the applied shear wave.  
The measured viscosity of hydrated PLA at 38°C at a frequency of 100 rad/s 
is 14803 Pa.s by using a Rheometrics Scientific SR5000 stress-controlled 
rheometer.[31] Sharp et al. also reported that viscosity of PLA increased with the 
shear frequency.  
In the experiments throughout this dissertation, the frequency of a bare crystal 
is 5 MHz, and the frequency change after depositing and heat treating the polymer 
film on the surface of the crystal is about 30,000Hz. During sorption experiments, the 
frequency increased less than 1%. Therefore, to use equation A2.4, we can 
approximately apply a shear frequency value of 5 MHz which is equivalent to 3.14 x 
107 rad/s. 
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By plugging in all necessary properties of PLA into equation A2.4, the 
penetration depth was found to be around 870 microns for our experiments. As a 
consequence, the ratio of film thickness and penetration depth (h/ δ) is very small. In 
other words:  
1h   or 
2
2 1
h
   
which lead to: 
2
2
2
3
h 
 <<1 
Therefore, the inequality  
2
2 2
2
3 1
h 
  <<1 is applied in the constraint of our 
experimental conditions. In other words, the simple form of the Sauerbrey’s equation 
is valid or the change in frequency is directly proportional to the change in the mass 
loading on the surface of the QCM crystal.  
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APPENDIX 3: MEASUREMENT OF FILM THICKNESS 
 
The authors performed film thickness measurement from the Sauerbrey’s 
equation and from gravimetric method on 5 different samples and obtained similar 
film thickness. For gravimetric method, bare crystal’s weight was measure before 
spin-coating process. Before and after the sorption experiments, coated crystal’s 
weight was measured again. It was confirmed that crystal’s weight did not change 
during sorption experiments. The difference in mass between a bare crystal and a 
coated crystal was then used to calculate the film thickness when PLLA density is 
known to be 1.24 g/cm3 and the diameter of the quartz crystal is 2.54 cm.  
The below table shows a comparison between film thickness calculated from 
the Sauerbrey’s equation and measured by gravimetric method. 
Sample # Film thickness by 
Sauerbrey’s (microns) 
Film thickness by 
gravimetric (microns) 
1 4.1 4.8 
2 4.6 5.6 
3 4.1 5.0 
4 4.0 5.2 
5 4.2 5.2 
 
Table A3.1. Film thickness of different samples obtained by gravimetric method and Sauerbrey’s 
equation 
The result in Table A3.1 showed that thickness of all samples was consistent 
when the same spin coating condition was applied. However, by the gravimetric 
method, the film thickness obtained is always higher than that by the Sauerbrey’s 
equation. This can be explained by the uniformity of the film thickness. By spin 
coating, film thickness might be higher at the edge of the quartz crystal than at the 
exposed area to the RF electric field.  
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Authors also measured film thickness of one sample from SEM images 
(shown below). Thickness of the film was about 5.5 microns.   
 
 
Figure A3.1. SEM image of a PLLA sample 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.5 microns
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APPENDIX 4: SYNTHESIS AND CHARACTERIZATION OF HOMO AND 
GRAFT PLA (procedures and data by Grayce Theryo, 2010) 
 
Materials 
 ACS reagent grade starting materials and solvents were used as received from 
commercial suppliers without further purification with exception to the following. 
Degassed toluene was purified by a custom-made solvent purification line equipped 
with an activated alumina catalyst and a supported copper catalyst.  DL-lactide (Purac) 
was re-crystallized from toluene, dried under vacuum at room temperature for >12 
hours and stored under nitrogen. Tin(II) ethylhexanoate [Sn(Oct)2] was purified by 
distillation and stored under nitrogen. 1,5-cyclooctadiene and cis-2-butene-1,4-diol 
diacetate were distilled over CaH2 before use. Degassed dichloromethane was 
purified by a solvent purification system (MBraun). 
General Procedures 
 Proton Nuclear Magnetic Spectroscopy (1H NMR) was performed on a Varian 
Inova 500 spectrometer at 500 MHz at room temperature.  Samples were dissolved in 
deuterated-chloroform (Cambridge) to concentrations of ~ 20 mg/mL with 
subsequent filtering through glass wool to remove dust. Chemical shifts are reported 
in ppm with respect to the residual proton signals in the solvent assigned to 7.26 ppm.   
Size-exclusion chromatography was performed at 35 °C on a Hewlett-Packard 
1100 series liquid chromatograph equipped with three Plgel 5µm Mixed-C columns 
in series and a Hewlett-Packard 1047A differential refractometer. Chloroform was 
used as the mobile phase with an elution rate of 1 mL/minute. Samples were prepared 
by dissolving 1 to 2 milligrams of polymer in chloroform and filtering the solution 
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through a 0.2m Teflon filter. Polystyrene standards (Polymer Laboratories) were 
used for calibration of molecular weights.  
Differential scanning calorimetry was performed on a TA DSC Q1000 
utilizing an indium standard for temperature calibration. At least 4 mg of sample 
contained in hermetically sealed aluminum pans were analyzed under N2 with a 
10°C/min heating rate. Thermal transition temperatures were determined from the 
second heating after annealing above the glass transition or melting point for at least 1 
minute to erase thermal history.  
Small-angle x-ray scattering data was obtained at the Advanced Photon 
Source at Argonne National Laboratory. The x-ray wavelength was 0.72932 Å with a 
sample-to-detector-distance of 5.54 meters. Two-dimensional scattering patterns were 
recorded on a Mar 165 mm diameter CCD detector possessing a resolution of 2048  
2048 and azimuthally integrated to a one dimensional plot of intensity versus  
wavevector, q, where q = 4π(λ sin{θ/2})-1 and θ and λ are the scattering angle and x-
ray wavelength, respectively.   
  Solvent-nonsolvent fraction was performed by dissolving 1 gram of polymer 
in 10 mL of acetone in a beaker.  10 mL of methanol was added slowly with stirring.  
The mixture was cooled to 20°C for 45 minutes to allow separation.  The top layer 
was decanted off and both layers were examined by SEC.  The high molecular weight 
fraction was fractionated again using the same procedure.  Both layers were examined 
by SEC.  Only the low molecular weight fraction was analyzed with 1H NMR. 
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Synthesis of poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol) 
In the dry box, a catalyst/CTA solution was prepared by adding cis-2-butene-
1,4-diol diacetate (freshly distilled, 301 μL, 1.91 mmol), 2nd generation Grubbs’ 
catalyst (32.4 mg, 38.2 mol), and dichloromethane (40 mL) to a vial. To a 150 mL 
pressure vessel were added 5-norbornene-2-methanol (346 μL, 2.86 mmol), 1,5-
cyclooctadiene (10.0 g, 92.4 mmol), dichloromethane (30 mL), and a stir bar. 10 mL 
of the freshly prepared catalyst/CTA solution was added to the pressure vessel to 
initiate the polymerization at room temperature. After 20 hours, the polymerization 
was quenched by adding excess amount (>20 equivalents) of ethyl vinyl ether. The 
polymer solution was precipitated from methanol twice to remove catalyst and ethyl 
vinyl ether. The formed solid polymer sample was vacuum dried proved free of 
solvent by 1H NMR. 
Synthesis of Poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol-graft-Lactide) 
 To a warm 500mL round bottom flask charged with a magnetic stir bar, 2.50 g 
(2.07 mol) of poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol) was added.  In 
a dry box, 175mL of toluene was added to the flask and allowed to stir for 1 hour at 
room temperature.  After dissolution of the macroinitiator, DL-lactide (50.0g, 0.35 
mol) and Sn(Oct)2 (30mg, 74mol dissolved in 8 mL dry toluene) were added to the 
flask.  The flask was sealed with a rubber septum.  Upon removal from the dry box, 
the flask was placed in a 100°C thermostatted oil bath for 5 hours.  Initially, the 
solution was clear, colorless and stirring easily.  After 5 hours, the solution remained 
clear and colorless, but an increase in viscosity was visually apparent.  The flask was 
removed from heat and 250 mL of toluene was added to reduce the viscosity.  The 
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polymer precipitated out as white fibrous solids into 4L of methanol at room 
temperature.  The solids were collected by filtration and subsequently re-dissolved 
into 400mL of tetrahydrofuran (THF).  The polymer was precipitated into cold 
methanol in the form of white, stringy solids.  The polymer was dried in a vacuum 
oven at 90 °C for 3 days.  The absence of residual solvent after drying was confirmed 
by 1H NMR. 
Synthesis of Poly(DL-lactide) 
 In a dry box, DL-lactide (58.82 g, 0.41 mol) was added to a 500 mL round-
bottom flask equipped with stir bar.  Sn(Oct)2 (33.1 mg) was dissolved in dry toluene 
(2 mL).  Benzyl alcohol (88.2 mg) from Aldrich was dissolved in dry toluene (2 mL).  
Dry toluene (200 mL), initiator and catalyst solutions were added to the flask 
respectively.  The flask was sealed with a rubber septum and removed from the dry 
box.  The flask was placed in a thermostatted oil bath set to 100 °C for approximately 
3 hours.  A sample of the crude reaction solution was removed for 1H NMR analysis.  
The flask was removed from the oil bath and 200 mL of toluene was added.  The 
polymer was precipitated into 4L of methanol.  The solid was collected by filtration 
through a Buchner funnel.  The collected polymer was re-dissolved in THF and 
precipitated into cold methanol.  After filtering, the polymer was dried in a vacuum 
oven at 90°C for two days. The absence of residual solvent after drying was 
confirmed by 1H NMR. 
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Scheme A4.1. Synthesis of poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol-graft-DL-lactide) 
[PCNL]  
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Figure A4. 1 1H NMR spectrum of poly(1,5-cyclooctadiene-co-5-norborne-2-methanol) [PCN], the 
precursor to PCNL. 
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Figure A4. 2 1H NMR spectrum of poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol-graft lactide) 
[PCNL]  
156 
 
 
Figure A4. 3 Size exclusion chromatograms of the macroinitiator (PCN), graft copolymer (PCNL), and 
the low MW fraction of PCNL 
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Figure A4. 4 1H NMR spectrum of the low molecular weight fraction of PCNL isolated by 
solvent/non-solvent fractionation.   
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Figure A4. 5 Small-angle x-ray scattering plot for PCNL 
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Figure A4. 6 1H NMR spectrum of poly(DL-lactide) synthesized for comparison to PCNL. 
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Figure A4. 7 Size-exclusion chromatogram of poly(DL-lactide)  
 
 
Figure A4. 8 Differential scanning calorimetry traces for PCNL and PLA 
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APPENDIX 5: SORPTION ISOTHERMS OF HOMO PLA AND GRAFT PLA 
AT DIFFERENT TEMPERATURES 
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Figure A5.1. Water sorption isotherms in PLA at different temperatures 
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Figure A5.2. Water sorption isotherms in PCNL at different temperatures 
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APPENDIX 6: COMPARING THE ACCURACY OF THE ENSIC MODEL 
AND HENRY’S LAW IN REPRESENTING WATER SORPTION 
ISOTHERMS IN HOMO PLA AND GRAFT PLA 
 
The below two figures represent the error in water volume fraction calculated by 
ENSIC model and Henry’s law at different activities. The value on y-axis represents 
the difference between experimental data and model prediction. 
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Figure A6.1. Error in water volume fraction in PLA (Sum of error square values are 4.59 x 10-8 by 
ENSIC model and 3.28 x 10-7 by Henry’s law) 
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Figure A6.2. Error in water volume fraction in PCNL (Sum of error square values are 4.05 x 10-8 by 
ENSIC model and 4.42 x 10-7 by Henry’s law) 
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APPENDIX 7: ACCURACY OF VAN’T HOFF’S CURVE FITS IN HOMO PLA 
AND GRAFT PLA 
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(b) PCNL 
 
Figure A7.1. Van’t Hoff’s plot of ln (S) versus 1/T (K) in PLA and PCNL; (a) PLA, (b) PCNL.  
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